This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



-6- 



REMARKS 

In view of the above amendments and the following remarks, reconsideration 
of the outstanding office action is respectfully requested. 

The objection to the specification is obviated in view of the above 

amendments. 

The rejection of claims 1, 3-8, 13-20, and 22 under 35 U.S.C. § 112, first 
paragraph, for lack of written description is respectfully traversed in view of the above 
amendments and the following remarks. Support for the amendments to claim 1 is found, for 
example, in original claims 1-2, as well as page 7, lines 28-33, page 13, line 21 to page 14, 
line 5, page 24, line 6 to page 27, line 6, page 36, lines 6-7, and page 40, line 16 to page 61, 
line 5 of the specification. 

It is the position of the U.S. Patent and Trademark Office ("PTO") that the 
specification does not disclose identifying functional groups which bind to catalytic residues 
of a protein kinase, covalently attaching the first module to a peptide scaffold, and attaching 
the second module to the identified first module by substituting the second module for the 
peptide scaffold. Moreover, the PTO argues that the specification does not sufficiently teach 
whether the first module contains a peptide scaffold and the fiinctional groups are present on 
the first module or the first module is distinct from the peptide scaffold. In addition, the PTO 
asserts that the specification does not recite that identifying the first module comprises 
attaching the first module to a peptide scaffold. Applicants respectfully disagree. 

In particular, applicants respectfully direct the PTO's attention to Figures 1-3 
of the present application and the description at page 1 1, line 1 to page 22, line 7 of the 
specification, where a detailed description and specific examples of the identification of 
fiinctional groups which bind to the conserved catalytic residues of a protein kinase is set 
forth. More specifically, the specification discloses the use of initial molecular modeling 
studies to model candidate first module (Mi) functional groups in the conserved catalytic 
region of the serine kinase cAMP -dependent protein kinase ("PKA") active site (see Figure 3 
and page 1 1 , line 1 to page 13, line 9) and the subsequent formation of specific pentapeptide- 
based inhibitors which include an Mi functional group covalently bound to a pentapeptide 
sequence, based on initial modehng studies for PKA and pp60^"^"' (page 13, line 10 to page 
22, line 7 of the specification). The specification discloses the use of two different 
pentapeptide scaffolds including: (1) Ac-Arg-Arg-Gly-Xaa-Ile-NHi (see Table I), and (2) Ac- 
Ile-Xaa-Gly-Glu-Phe-NH2 (see Table II). The Xaa in the first sequence is Ala covalently 
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bonded to an Mi. The Xaa in the second sequence is Phe covalently bonded to an Mi. As 
shown in Table I, eleven (11) different functional groups for Mi were tested and as shown in 
Table II, eight (8) different functional groups for Mi were tested, including, but not limited to, 
phosphonic acid, sulfamic acid, carboxylic acid, aldehyde, and amide functional groups. The 
pentapeptide-based inhibitors, which include an Mi functional group covalently bound to a 
pentapeptide sequence, were then tested in two different assays (Literature Mimetic assay 
conditions (L) and Cellular Mimetic assay conditions (C)) and suitable Mi functional groups 
were identified with protein kinase inhibitory activity (page 13, line 10 to page 17, line 21). 
In addition, as shown in Table III and the accompanying description, four (4) different 
boronic acid functional groups for Mi were tested under the above two assay conditions and 
suitable Mi functional groups were identified (page 17, line 22 to page 22, line 7). 
Accordingly, the specification discloses identifying functional groups which bind to catalytic 
residues of a protein kinase (i.e., show protein kinase inhibitory activity) for PKA and 
pp60'^'^^'^ and covalently attaching the first module to a peptide scaffold. Specific structures 
for functional groups are set forth, as well as a disclosed correlation between their function 
(binding to catalytic residues of a protein kinase) and structure, based on molecular modeling 
studies and production and testing of pentapeptide-based inhibitors (page 1 1 , line 1 to page 
22, line 7 of the specification). In addition, specific methods for covalently attaching the first 
module to a peptide scaffold are set forth at page 14, lines 2-5 and page 18, lines 24-27 
(references are incorporated by reference at page 65, lines 3-4). Moreover, additional peptide 
scaffolds for specific protein kinase inhibitors which can be used as starting materials in the 
method of the present invention are known in the art and are described, for example, in 
Pearson et al., "Protein Kinase Phosphorylation Site Sequences and Consensus Specificity 
Motifs: Tabulations." Methods in Enzvmologv 200:62-81 (1991) (copy attached at Exhibit 
1); Kemp et al., "Design and Use of Peptide Substrates for Protein Kinases," Methods in 
Enzvmologv 200:121-134 (1991) (copy attached at Exhibit 2); Kemp et al., "Protein Kinase 
Recognition Sequence Motifs," Trends in Biochemical Sciences 15(9):342-346 (1990) (copy 
attached at Exhibit 3); Sparks et al., "Molecular Basis for Substrate Specificity of Protein 
Kinases and Phosphatases," Intl. J. Biochem. 18(6):497-504 (1986) (copy attached at 
Exhibit 4); Ruzzene et aL, "Assay of Protein Kinases and Phosphatases Using Specific 
Peptide Substrates," Protein Phosphorvlation. 2nd Ed., Ed., Hardie, Padua, Italy, pp. 221-253 
(1999) (copy attached at Exhibit 5); Tegge et al., "Analysis of Protein Kinase Substrate 
Specificity by the Use of Peptide Libraries on Cellulose Paper (SPOT-Method)," Methods in 
Molecular Biology 87:99-106 (1998) (copy attached at Exhibit 6); Zhou et al., "The Use of 
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Peptide Library for the Determination of Kinase Peptide Substrates," Methods in Molecular 
Biology 87:87-98 (1998) (copy attached at Exhibit 7); Engstroem et al., "Detection and 
Identification of Substrates for Protein Kinases: Use of Proteins and Synthetic Peptides," 
Methods in Enzymology 107:130-54 (1984) (copy attached at Exhibit 8); Casnellie et al., 
"The Use of Synthetic Peptides for Defining the Specificity of Tyrosine Protein Kinases," 
Advances in Enzyme Regulation 22:501-15 (1984) (copy attached at Exhibit 9); and 
Fukunaga et al., "Identifying Protein Kinase Substrates by Expression Screening with Solid- 
Phase Phosphorylation," Protein Phosphorylation, 2nd Ed., Ed., Hardie, Padua, Italy, pp. 291- 
313 (1999) (copy attached at Exhibit 10). Therefore, those of ordinary skill in the art, using 
the methods and structures disclosed in the present application, would have been able to 
identify functional groups which bind to catalytic residues of a protein kinase (in addition to 
PKA or pp60^'^"^) and covalently attach a first module to a peptide scaffold. 

With regard to the PTO's position that the specification does not disclose 
attaching the second module to the identified first module by substituting the second module 
for the peptide scaffold, this rejection is respectfully traversed in view of the above 
amendments to claim 1 . 

With regard to the PTO's position that the specification does not sufficiently 
teach whether the first module contains a peptide scaffold and the functional groups are 
present on the first module or the first module is distinct firom the peptide scaffold, applicants 
respectfiilly direct the PTO's attention to Figure 1 of the above-identified application. In 
Figure 1 and the accompanying description, it is clearly set forth that the first module is 
distinct and different from the peptide scaffold, but is initially bound to the peptide scaffold. 

With regard to the PTO's position that the specification does not recite that 
identifying the first module comprises attaching the first module to a peptide scaffold, this 
rejection is respectfully traversed in view of the above amendments to claim 1 . 

Accordingly, the rejection of claims 1, 3-8, 13-20, and 22 for lack of written 
descripfion is improper and should be withdrawn. 

The rejection of claims 1, 3-8, 13-20, and 22 under 35 U.S.C. § 1 12, first 
paragraph, for lack of enablement is respectfully traversed. 

It is the PTO's position that the claims omit essential structures for the first 
module, peptide scaffold, and non-peptide scaffold and structural relationships of the reagents. 
Moreover, the PTO asserts that undue experimentation would be required to make and use 
the invention since the specification fails to give adequate guidance on how to identify a first 
module and use the first module covalently attached to a peptide scaffold to attach to a 
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second module by substituting the second module for a peptide scaffold. The PTO further 
asserts that the specification does not recite any compounds in which the second module is 
substituted for a peptide scaffold and use of these compounds as protein kinase inhibitors. In 
addition, the PTO argues that the breadth of the claims is open-ended regarding the resulting 
protein kinase inhibitor, the state of the prior art indicates that protein kinase inhibitors are 
specific to the kinases and in general known to be difficult, resulting in non- functional 
compounds, and the art is unpredictable because organic synthesis and screening for active 
compounds is unpredictable when applied to compounds of diversity. Applicants respectfully 
disagree. 

With regard to the PTO's position that the claims omit the essential structures, 
such as the first module, peptide scaffold, and non-peptide scaffold, applicants assert that the 
claims, as amended, set forth the essential structures for practicing the claimed invention and 
fully enable one of ordinary skill in the art to practice the claimed invention, hi particular, 
the claims recite a first module, wherein the (at least one) first module is covalently attached 
to a peptide scaffold. As set forth in amended claim 1 and in the specification, for example, 
at page 13, line 3 1 to page 14, line 5, the peptide scaffold is a peptide substrate for a protein 
kinase of interest, wherein the length of the peptide scaffold is generally the minimum 
number of amino acids to give good binding to the kinase (typically and in the examples in 
the specification, five amino acids). Moreover, as set forth in claim 1, the first module 
includes one or more functional groups each of which is capable of covalently or non- 
covalently binding to catalytic residues of the protein kinase. Thus, the one or more 
functional groups of the first module must have steric and electronic characteristics that are 
complementary to the catalytic residues that are focused in this region of the active site. 
Accordingly, the functional groups of the first module are positioned to interact with the 
catalytic resides of the protein kinase. As set forth in the specification, initial candidate first 
modules comprising one or more functional groups are obtained firom molecular modeling 
studies with kinase crystal structures, but are experimentally tested while attached to a 
peptide scaffold (see, e.g., page 11, line 1 to page 22, line 7 of the specification). 

As set forth in the May 23, 2003, Amendment, the second module comprises a 
non-peptide scaffold, which includes molecules with amide or peptide bonds, so long as a 
part of the molecule is not a peptide. As set forth in the claims, the second module is 
substituted for (i.e., replaces) the peptide scaffold, which is a substrate for the protein kinase. 
As such, the second module must have steric and electronic characteristics that mimic the 
peptide substrate at the phosphorylatable position and adjacent amino acid binding sites (i.e., 

R739694.1 



- 10- 



is capable of occupying the same binding region of the protein kinase as the peptide scaffold). 
As set forth in the specification, kinase crystal structures are used to design candidate second 
modules that are subsequently tested experimentally (see page 22, line 8 to page 27, line 6 of 
the specification). For example, indole and naphthalene second modules replace the tyrosine 
residue and adjacent amino acids in the pp60^'^"^ peptide substrate in the Examples of the 
present application. 

With regard to the PTO's position that the claims omit the structural 
relationships of the reagents, applicants respectfully disagree. In particular, the structural 
relationships between the first module, the second module, the functional groups of the first 
module, the protein kinase, and the peptide scaffold are clearly set forth in the claims and in 
the specification. 

More specifically, amended claim 1 recites "[a] method for identifying 
inhibitors of protein kinases comprising: covalently attaching at least one first module to a 
peptide scaffold which comprises a peptide substrate for a protein kinase and identifying one 
or more functional groups on the first module each of which is capable of covalently or non- 
covalently binding to catalytic residues of the protein kinase; producing one or more 
combinations of the at least one first module covalently attached to at least one second 
module which comprises a non-peptide scaffold, wherein the at least one second module 
comprises an indole, and wherein the at least one second module is substituted for the peptide 
scaffold and is capable of occupying the same binding region of the protein kinase as the 
peptide scaffold; screening the one or more combinations of the first and second modules for 
protein kinase inhibition; and selecting combinations of the first and second modules which 
inhibit protein kinase activity." Thus, claim 1 clearly sets forth that the first module is 
initially covalently attached to a peptide scaffold and one or more complexes (or 
combinations) are subsequently produced including the first module covalently attached to 
the second module, such that the second module is substituted for the peptide scaffold. In 
addition, claim 1 sets forth that the first module includes one or more fimctional groups each 
of which is capable of covalently or non-covalently binding to catalytic residues of a protein 
kinase. Thus, the structural cooperative relationships between the first module, the second 
module, the functional groups of the first module, the protein kinase, and the peptide scaffold 
are clearly set forth in amended claim 1. 

With regard to the PTO's position that the specification fails to give adequate 
guidance on how to identify a first module, applicants respectfully disagree. As described 
above, a detailed description and specific examples of the identification of first modules (Mi) 
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is set forth in Figures 1-3 of the present application and the description at page 11, line 1 to 
page 22, line 7 of the specification. More specifically, the specification discloses the use of 
initial molecular modeling studies to model candidate Mi functional groups in the conserved 
catalytic region of the PKA active site (see Figure 3 and page 11, line 1 to page 13, line 9) 
and the subsequent formation of specific pentapeptide-based inhibitors which include an Mj 
flinctional group covalently bound to a pentapeptide sequence, based on these initial 
modeling studies (page 13, line 10 to page 22, line 7 of the specification). The specification 
discloses the use of two different pentapeptide scaffolds including: (1) Ac-Arg-Arg-Gly-Xaa- 
Ile-NH2 (see Tables I and III), and (2) Ac-Ile-Xaa-Gly-Glu-Phe-NHs (see Table II). The Xaa 
in the first sequence is Ala covalently bonded to an Mi. The Xaa in the second sequence is 
Phe covalently bonded to ein Mi. As shown in Tables I-III, 23 different functional groups for 
Ml were tested including, but not limited to, phosphonic acid, sulfamic acid, carboxylic acid, 
aldehyde, amide, and boronic acid functional groups. The pentapeptide-based inhibitors, 
which include an Mi functional group covalently bound to a pentapeptide sequence, were 
then tested in two different assays (Literature Mimetic assay conditions (L) and Cellular 
Mimetic assay conditions (C)) and suitable Mi functional groups were identified (page 13, 
line 10 to page 22, line 7). Accordingly, the specification discloses identifying first modules 
which comprise functional groups which bind to catalytic residues of a protein kinase for 
PKA and pp60*^'^'^. Specific structures for functional groups of the first module are set forth, 
as are methods for covalently attaching Mis including one or more functional groups to 
peptide scaffolds (page 14, lines 2-5 and page 18, lines 24-27) and specific assay conditions 
for testing potential functional groups of a first module (page 13, line 10 to page 22, line 7). 
Moreover, additional peptide scaffolds for specific protein kinase inhibitors which can be 
used as starting materials in the method of the present invention are known in the art and are 
described, for example, in Pearson et al., "Protein Kinase Phosphorylation Site Sequences 
and Consensus Specificity Motifs: Tabulations," Methods in Enzymology 200:62-81 (1991); 
Kemp et al., "Design and Use of Peptide Substrates for Protein Kinases," Methods in 
Enzymology 200: 121-134 (1991); Kemp et al., "Protein Kinase Recognition Sequence 
Modfs," Trends in Biochemical Sciences 15(9):342-346 (1990); Sparks et al., "Molecular 
Basis for Substrate Specificity of Protein Kinases and Phosphatases," Intl. J. Biochem. 
18(6):497-504 (1986); Ruzzene et al., "Assay of Protein Kinases and Phosphatases Using 
Specific Pepfide Substrates," Protein Phosphorylation, 2nd Ed., Ed,, Hardie, Padua, Italy, pp. 
221-253 (1999); Tegge et al., "Analysis of Protein Kinase Substrate Specificity by the Use of 
Peptide Libraries on Cellulose Paper (SPOT-Method)," Methods in Molecular Biology 
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87:99-106 (1998); Zhou et al., "The Use of Peptide Library for the Determination of Kinase 
Peptide Substrates," Methods in Molecular Biology 87:87-98 (1998); Engstroem et al., 
"Detection and Identification of Substrates for Protein Kinases: Use of Proteins and Synthetic 
Peptides," Methods in Enzymology 107:130-54 (1984); Casnellie et al., "The Use of 
Synthetic Peptides for Defining the Specificity of Tyrosine Protein Kinases," Advances in 
Enzyme Regulation 22:501-15 (1984); and Fukunaga et al., "Identifying Protein Kinase 
Substrates by Expression Screening with Solid-Phase Phosphorylation," Protein 
Phosphorylation, 2nd Ed., Ed., Hardie, Padua, Italy, pp. 291-313 (1999) (copies attached as 
Exhibits 1-10, respectively, as discussed supra). Therefore, those of ordinary skill in the art, 
using the methods and structures disclosed in the present application, would have been able 
to identify first modules including functional groups which bind to catalytic residues of a 
protein kinase (in addition to PKA or pp60^'^"') and covalently attach a first module to a 
peptide scaffold without undue experimentation. 

With regard to the PTO's position that the specification fails to give adequate 
guidance on how to use the first rnodule covalently attached to a peptide scaffold to attach to 
a second module by substituting the second module for the peptide scaffold and that the 
specification doesn't recite any compounds in which the second module is substituted for a 
peptide scaffold and use of the compounds as protein kinase inhibitors, this rejection is 
respectfully traversed in view of the above amendments to claim 1 and the following remarks. 

In particular, claim 1 , as amended, recites "producing one or more 
combinations of the at least one first module covalently attached to at least one second 
module . . . wherein the at least one second module is substituted for the peptide scaffold." 
Support for this limitation is found, for example, at page 36, lines 6-7 and page 22, line 8 to 
page 27, line 6 of the specification. In particular, at page 22, line 8 to page 25, line 13 of the 
specification, at least one second module (i.e., naphthalene, isoquinoline, or indole) is 
substituted for a peptide scaffold in molecular modeling studies using the first modules (e.g., 
boronic acid, phosphonate, and sulfamic acid) previously identified. Subsequently, 
combinations of the at least one first module covalently attached to at least one second 
module are produced and tested for protein kinase inhibition (page 25, line 14 to page 27, line 
6 of the specification). Moreover, detailed examples and procedures for producing protein 
kinase inhibitors in which a second module, e.g., naphthalene or indole, is substituted for a 
peptide scaffold are set forth at page 40, line 16 to page 61, line 5. In particular, in Example 
1 of the specification (page 40, line 16 to page 46, line 23), combinations of a first module 
(i.e., OH) covalently attached to at least one second module (i.e., naphthalene) are produced, 
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wherein the second module (i.e., naphthalene) is substituted for a peptide scaffold in 
molecular modeling studies (page 40, lines 16-28). Moreover, in Examples 2-4 (page 46, line 
25 to page 61, line 5) of the specification, combinations of a first module (e.g., OH, boronic 
acid, and phosphonic acid) covalently attached to at least one second module (i.e., indole) are 
produced, wherein the second module (i.e., indole) is substituted for a peptide scaffold used 
in molecular modeling studies (page 47, lines 5-15). Thus, in view the amount of direction 
and representative examples provided in the specification and the knowledge in the art of 
peptide substrates for protein kinases which can be used to identify suitable first modules 
using the methodology described in the specification (see above), it would not require undue 
experimentation to produce one or more combinations of the at least one first module 
covalently attached to at least one second module . . . wherein the at least one second module 
is substituted for the peptide scaffold, as required by amended claim 1 . 

With regard to the PTO's position that the breadth of the claims is open-ended 
regarding the resulting protein kinase inhibitor, applicants assert that the breadth of the claims 
is fully enabled by the disclosure of the present application in view of the previous remarks. 

Accordingly, the rejection of claims 1, 3-8, 13-20, and 22 for lack of 
enablement is improper and should be withdrawn. 

The rejection of claims 1, 3-8, 13-20, and 22 under 35 U.S.C. § 1 12, first 
paragraph, for lack of written description is respectfully traversed. 

It is the PTO's position that the newly added limitations "wherein said 
identifying one or more functional groups on the first module which preferentially bind to 
catalytic residues of the protein kinase" and "wherein said covalently attaching comprises 
substituting the at least one second module for the peptide scaffold" recited in claim 1 have 
no clear support in the specification and the claims as filed. Thus, the PTO asserts that this is 
new matter. Applicants respectfiilly disagree. 

In particular, original claim 2, as filed, provides support for both limitations 
recited in claim 1. Accordingly, the rejecfion of claims 1, 3-8, 13-20, and 22 for new matter 
is improper and should be withdrawn. 

The rejection of claims 1, 3-8, 13-20, and 22 under 35 U.S.C. § 112, second 
paragraph, for indefiniteness is respectfully traversed in view of the above amendments and 
the following remarks. 

The PTO requests clarification of the definition of the first module. As set 
forth in the Amendment submitted on May 23, 2002, a module, i.e., first module, is defined 
to include a single molecular entity or a collection of functional groups. Support for this 
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definition is found at page 36, lines 8-11 of the specification, which sets forth that 
"[p]referred first modules have a fijnctional group . . . The compounds of the present 
invention may have two or more fiinctional groups within the first module. More preferred 
modules are boronic acid groups, a hydroxyl group, or an amide group." In addition, in 
Figure 1 the first module (i.e., Mi) is defined as "a selection of validated fiinctionalities for 
binding to the conserved catalytic residues." Also, as shown in Figure 1 , the first module is 
distinct and different firom the peptide scaffold, but is initially bound to the peptide scaffold. 

In addition, the PTO states that it is not clear whether the protein kinase to 
which the functional groups of the first module preferentially bind is the same as the peptide 
scaffold to which the first module is covalently attached. Applicants respectfully disagree. 

Definiteness of claim language must be analyzed in view of "(A) The content 
of the particular application disclosure; (B) The teachings of the prior art; and (C) The claim 
interpretation that would be given by one possessing the ordinary level of skill in the 
pertinent art at the time the invention was made." MPEP, § 2173.02. 

The specification of the above-identified application clearly sets forth (e.g., in 
Figure 1) that functional groups of the first module bind to the catalytic residues (e.g., 
conserved catalytic site in Figure 1 ) of a protein kinase which is separate and distinct firom 
the peptide scaffold to which the first module is covalently attached. Thus, the first step of 
the claimed method comprises producing a complex including a first module having one or 
more fimctional groups bound to a peptide scaffold, wherein the one or more functional 
groups of the first module are each capable of binding with the catalytic residues of a protein 
kinase. 

The PTO fiirther asserts that it is not clear what is the resulting end product of 
covalently attaching the first module to a second module by substituting the second module's 
non-peptide scaffold for a peptide scaffold and requests clarification. Again, as set forth in 
the May 23, 2002, Amendment, the second module comprises a non-peptide scaffold, which 
includes molecules with amide or peptide bonds, so long as a part of the molecule is not a 
peptide. Thus, the resulting end product of the second step of the claimed method is the 
production of a complex including a first module (which includes one or more fimctional 
groups) and a second module (which comprises a non-peptide scaffold), wherein the second 
module includes an indole as at least part of its structure and is substituted for the peptide 
scaffold in the complex produced in the first step of the claimed method. 

In addition, the PTO argues that claim 1 omits essential structural cooperative 
relationships between the first module, the second module, the functional groups of the first 



R739694.1 



-15- 



module, the protein kinase, and the peptide scaffold. Applicants respectfully disagree in view 
of the previous remarks. 

The remaining rejections under 35 U.S. C. § 112, second paragraph, are 
respectfully traversed in view of the above amendments. 

In view of the all of the foregoing, applicants submit that this case is in 
condition for allowance and such allowance is earnestly solicited. 

Respectfully submitted. 
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smaller trees from which a composite tree that includes all 1 17 sequences 
was drawn (Fig. 4). These smaller trees, each containing about 40-45 
sequences, were calculated in approximately three central processing unit 
hours on a VAX-6220 equipped with 64 megabytes of memory running the 
virtual memory operating system (VMS). 

The potential usefulness of the catalytic domain phylogenetic tree as 
a tool for classification is illustrated by the clustering of protein kinases 
that have similar properties. This clustering can be used to define protein 
kinase subfamilies. The densest cluster is composed of the 42 known or 
putative protein-tyrosine kinases (Fig. 4A and B). This large subfamily 
includes both cytoplasmic enzymes (Src, Abl, Fes, etc.) as well as the 
receptors for growth and differentiation fectors. Two distinct protein- 
serine/threonine kinase clusters are recognized as containing members 
whose activities are under similar modes of regulation. These are the cyclic 
nucleotide-dependent protein kinase subfamily (13 members) and the pro- 
tein kinase C subfamily (10 members). They map quite near one another 
within the tree (Fig. 4A and C). In addition, the protein-serine/threonine 
kinases regulated by Ca^*^ /calmodulin map near one another and fall within 
a broad cluster. It is uncertain, however, if all members of this cluster 
(e.g.. RSK-IC, RSK-2C, PSK-Hl) are regulated by Ca^^ /calmodulin. 

Clearly, some structure-function relationships have been maintained 
during the course of catalytic domain evolution. We predict other such 
relationships will emerge with the continued identification and functional 
characterization of novel protein kinases. 
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[3] Protein Kinase Phosphorylation Site Sequences and 
Consensus Specificity Motifs: Tabulations 

By Richard B. Pearson and Bruce E. Kemp 

Introduction 

The phosphorylation site sequences for protein-serine/threonine and 
protein-tyrosine kinases are presented in Table I of this chapter. Over 
240 phosphorylation site sequences are included with the phosphorylated 
residue($) indicated by an asterisk. Plant and prokaryote phosphorylation 
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site sequences have not been included. References are list d at the end of 
the chapter. Anyone wanting an annua! update of this tabulation and/or 
wanting to contribute a new sequence should contact the authors. 

Note that residue numbers followed by a # in the tabulation have been 
obtained from SWISSPROT protein database. (P) denotes a phosphory- 
lated residue which acts as a substrate-specificity determinant. The ques- 
tion marks indicate potential sites within a phosphorylated peptide or sites 
inferred from mutagenesis studies or the stoichiometry of phosphorylation 
(see Table I, footnotes c and A, respectively). 

Table II contains consensus phosphorylation site motifs for each en- 
zyme, where applicable. The frequencies listed are derived from Table 
I unless indicated otherwise. The S : T ratio is for the total number of 
phosphorylation sites. Asterisks indicate the phosphorylated residue and 
specificity determinants are shown in boldface type* 

The one-letter code for amino acids in Tables I and II is as follows: A, 
alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; 
G, glycine; H> histidine; I, isoleucine; K, lysine; L, leucine; M, methio- 
nine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, 
threonine; V, valine; W, tryptophan; Y, tyrosme. 



TABLE I 

Fkotein Kinase Phosphorylation Site Sequences" 





Phosphorylation 






Protein kinase 


site sequence 


Protein 


Refs.* 


Protein-serine/ 








threonine IdnaseB 








AMP-activatcd 


M74 R S S M S* G L H L 


Acctyl-CoA carboxylase 


42 ' 


protein kinase 




(rat) 




(previously called 


Li,95 NRMS^FASN 


Acetyl-CoA carboxylase 


42 


acetyl-CoA 




(rat) 




carboxylase kinase- 


G,2ro M TH V A S* V S D 


Acetyl-CoA carboxylase 


49 


3. HMG^oA 


VLLD 


(rat) 




reductase kinase. 


M56oRRSVS*EAAL 


Honnone-sensitive lipase 


42, 49. 91 


hormone-sensitive 




(rat) 


lipase kinase) 


HgoM VHNRS*KI 


HMG-CoA reductase (rat) 


49 




NLQDL 
G353 Y S'* S'* N G N T'» 






^-Adrenergic 


^-Adrenergic receptor* 


50 


receptor kinase* 


G E Q S-* 








E379 D L P G E D 


^•Adreaeipc receptor* 


SO 




Gj^ G T-* V P S'* D N 1 


/9-Adrenergic receptor* 


50 




D S-* Q G R N C S 








T'*NDS'*L 








L-COOH 
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TABLE I {continued) 



Protein kinase 



Phosphorylation 
site sequence 



Protein 



Refs.* 



Branched chain 
(x-ketoacid 
dehydrogenase 
kinase 



Calmodulin- 

dependent protein 

kinase! 
Calmodulin- 

dependent protein 

kinase II 



TjM Y R I G H H S» T S 
DDSS 



A340 Y R S* V D E V N 
Y WDK 

NjYLRRRLS'DS 
NFM 

T564RQTS* VSGQ A 
PPK 

Tffli R Q A S» Q A G P M 
PR 

RyRASTMEMPQ 

QAR 
P, LSRTLS* VSS 
K,„ MARVFS*VL 

RE 

Ri5 R A V S* E Q D A K. 

R37 R Q S* L I E D A R 
K 

Ro K L S* D/N F G E/Q 



Branched chain a- 45 
ketoacid dehydrogenase 
site 1* 

Branched chain a- AS 
ketoacid dehydrogenase 
site 2* 

Synapsin I site 1 14, 100 



YtLRRAS*VAQL 

T*QE 
Rio S K Y L A S* A S T 

M 

R64TTH YGS*LPQ 
K 

K„NI VT*PRTFP 
Ri,3 FS^WGAEGQ 
K 

R/K T A S* F S E S R 
FijUGSVS'EDN 
M5fioRRSVS*EAAL 
RflOsAIGRLSS^MA 
M 

R28jQET« VDCLK 
KFN ARRKLK 

Rb«QET'VECLKK 
FNARRKLK 



Synapsin I site 2 (bovine) 14, 100 

Synapsin I site 3 (bovine) 14. 100 

Phospholamban 15, 78 

Glycogen synthase site 2 16 

Calcineurin* 17, 139 

Tyrosine hydroxylase 18 

(monooxygenase) site C 

Tyrosine hydroxylase 18 

(monooxygenase) site A 

Phenylalanine 19 

hydroxylase 

(monooxygenase) 

Pyruvate kinase* 20 

Myelin basic protein 21 

Myelin basic protein 2 1 

Myelin basic protein 21 

Myelin basic protein 21 

ATP-citrate lyase 43 

Acetyl-CoA carboxylase* 28 

Hormone-sensitive lipase 70 

Smooth muscle myosin 130, 131 

light chain kinase 

Autophosphorylation 96-98 

(a subunit) 

Autophosphorylation 98, 99 
ifi subunit) 



Cain 
de 

ki: 
Cast 



Cast 
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TABLE I {continued) 



P654HQS*EDEEE 



A72 D S* E S* E D E E D 



VjEEDAES'EDE 

DEED 
PbjAS*EDEDEEE 

D 



Glycogen synthase 

(residue numbers based 

on human muscle 

sequence) 
cAMP-dependent protein 

kinase regulatory 

subunit Ru' 
Nucleolar protein B23' 

Nucleolar protein C23* 









Phosphorylation 






iefs.* 




Protein kinase 


site seauence 




Kets. 






Calmodulin- 


Aj,G E T'* R F T'* D T'* 


Elongation factor 2 


22 






dependent protein 


R 






1 


kinase 111 












Casein kinase I 


Vn S(P) S(P) S(P) EES* 


as2'Casein' 


29 


». 




US 












L,4, S(P) T S(P) E E N S* 


aj2-Ca5ein* 


29 








KK 






00 






Ui Si?) S(P) S(P) E E S* 

ITR 
V37 N E L S* K D I 


/3-Casein'' 
QirCasein' 


''7 

29 


00 






G45 S{P} E S(P) T' E D Q 


o,pCasein' 


29 








P, L S* R T L S*(P) V S 


Glycogen synthase 


30. 118 








S'LPGL 




00 J 




R S G S* V/I Y E P 


Phosphorytase kinase 


102 




i 


Casein kinase 11'' 


LK 


(p subunit)' 






R^ L S* E H S* S P E E 


DARPP-32 (bovine) 


25 




EA 












E9sNQAS*E££DE 


DARPP-32 (bovine) 


25 


39 


t 




LGE 

Eja R D K E V S* D D E 

A£E 
EwREKEIS+DDE 

AE E 
E257 lEDVGS*DEE 

EE 

Kys, I E D V G S* D E E 


a-Heart shock protein'90 

(a-Hsp-90) 
^-Hsi)-90 (human) 

0[-HsD 90 fhuman) 
/3-Hsp 90 (human) 


26 

AO 

26 


1 

I 




DD 








G,3o D R F T* D E E V D 


Myosin regulatory light 


27 








E 


chain, chicken smooth 
muscle 










SijVSEDNS'EDE 


Acetyl-CoA carboxylase* 


28 








IS N L 












Sf DEE VE 


Troponin T 


29 



29. 41, 150 

108 

29 
29 

(continued) 
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Protein kinase 



Cry^tallin kinase($) 



cAMP-dependcnt 
protein kinase 
(mammalian)' 



TABLE 1 {continued) 



Phosphorylation 
site sequence 



Protein 



Rcfs.* 



LEL$*DDDDESK 

D„DDDAYS*DTE 
TTE 

En^QES* S»GEED 
SDL 

R3 R P R H S I Y S* S* 

DDDEED 
Pm3 P T'* S'* S'* D 

S'^EEEQEDEE 

E 

P R S-* S-* D T E E 

N 

S, S S* E S* G A P E A 

AEED 
S|» D E E D £ E 
D„T*DSEEEIRE 
DkGDCYIS*AAE 

LRH 

E26QLNDS»S*EEE 

DEID 
T301 G S* D D E D E S N 

EQ 

Eg4ESPAS*DEAE 
EK 

Ru6RVRLPS*N VD 
R,2 P F F P F H S* P S R 
P»ASTSLS*PF YL 
RPP 

Y7 L R R A S* L/V A Q 
LT 

F, R R L S* I S T 
QftoWPRR AS*CTS 



GtoSKRSNS' VDT 



R21 T K R S G S» V/I Y 
E 



Myosin heavy chain 56 
(brain) 

Phosphatase inhibitor-2 71 

Phosphatase inhibItor-2 71 

c-Myb 87 

Myc 88 

Myc 88 

Clathrin light chain LCb 109 

Elongation factor I^ UO 

Calmodulin 116 

Calmodulin 116 

Human papillomavirus E7 117 

oncoprotein <HPV E7) 

Ornithine decarboxylase^ 29 

High mobility group 14 140 
protein 

ttvCrystalbn 58 

OEQ-Crystallin 59 

tt^Crystallin 59 

Pyruvate kinase' 1 



Phospfaorylase kinase or 1 
chain 

Glycogen synthase site la 1, 150 

(residue numbers based 

on human muscle 

sequence) 
Glycogen synthase site lb 1, 150 

(residue numbers based 

on human muscle 

sequence) 
Phosphorylase kinase p I 

chain' 



Pre 



Yeasi 



1 
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Protein kinase 



Yeast 



TABLE I {continued) 



Phosphorylation 
site sequence 



Protein 



A29GARRKAS*GP 
P 

K|3 A K T R S S* R A 



G2(iKKRKRS*RKE 
S*YS 

ERRKS*KSGAG 



YjLRRRLS'DSN 
F 

N|9 Y R G Y S* L G N Y 
V 



Rr A S* F G S R G S* G 
S 

S47 R T S* A V P T 
Pt L S R T L S* V S S 
A16 V R R S* D R A 
MifioRRS'VSEAAL 
M74 R S S» M S 0 L H L 
Stj Q R R R S* L E P P 
D 

Ka R K R K S-* S-» Q C 

LVK 
Ki, H K R K S'* S'* Q C 

LVK 
R45NTDGS*TDYG 

r 

Ran R K G T* D V 
IjsRRRRPT'PAT 

k:prrkdt*pal 
k,88 r v k g r t w t* 

LCGT 
R»FDRRVS*VCA 

Kjig RKYLKKLTR 
R A S* F S A 



Refs.* 



Histone HI' (residue ] 

numbers from bovine 

sequence) 
Histone H2A^ (residue 1 

numbers from bovine 

sequence) 
Histone H2B* (residue 1 

numbers from bovine 

sequence) 
cAMP regulated 55 

phosphotyrotein ilff = 

21,000(ARPP-2|) 
Synapsin I site 1 100 

Reduced 76 

carboxymethylated 

maleylated (RCMM)- 

lysozyme 
Desmin S6 

Desmin 86 

Glycogen synthase site 2 1 

Troponin I (cardiac) 69 

Hormone-sensitive lipase 42 

Acetyl-CoA carboxylase 42 

pp60"« 79 

c-crbA 134 

v-erbA 134 

RCMM-Iysozyme 76 

Lipocortin I (p35, 81 

calpactin II) 

Phosphatase inhibttor-l' 1 

G substrate 1 

Autophosphorylation of 1 , 95 

catalytic subunit 

Autophosphorylation of 1 

regulatory subunit Rn 

ADRl 2 
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Proteiji kinase 



cGMP^ependent 
proteia kinase 



TABLE I {continued) 



Phosphorylation 
site sequence 



Protein 



Double-stranded 
DNA-activated 
protein kinase 

Double-stranded 
RNA-activated 
protein kinase (p68 
kinase) 

Endogenous eIF4£ 
kinase 

Glycogen synthase 
kinase-3 



P^RRDS^TEGF 
Qui RRTS'VSGE 
Ft R R L SM S T E 

D25Qk:krkrs*rk 

ES* 

R»RRRGAIS*A£ 
V Y 

KKPRRKDT*PAL 
H 

QKPRRKDT'PAL 
H 

R»RRRPT*PAML 
QjglRRRRPT^PAT 
L 

P,KRKVS»SAEG 

R R S A R L S* A K 
PA 

M560RRS* VSfi A AL 
Ai, IRRAS'TIEM 
V45LPVPS*THIGP 
I55GPRTT*RAQGI 
Pj7 Q T Y R F H D L 
R 

A^jFRKFT'KSER 
S 

P,EET*QT*QDQP 
ME 

l45LLSELS*RR 



K4i,NDKS*KTWQ 

ANLR 
Ffij7RPAS* VPPS*P 

SLS*RHSS*PQH 

S(P) 



Fructose- 1,6- 

bisphosphatase 
Autophosphorylation of 

regulatory subunit 
Phosphorylase kinase a 

chain 
Histone H2B 

cAMP-dependent protein 
kinase regulatory 
subunit Ri 

G substrate site 1 

G substrate site 2 

DARPP-32* 
Phosphatase inhibitor-1 

High mobility group 14 

protein 
High mobility group 14 

protein 
Hormone-sensitive lipase 
Phospholamban 
Autophosphorylation 
Autophosphorylation 
Autophosphorylation 

Autophosphorylation 

Heat-shock protein 90ot 
(human) 

eIF-2a 



CIF-4E 

Glycogen synthase sites 
3a, b, c and 4 (residue 
numbers based on 
human muscle 
sequence) 



Refs.* 



28 
29 



40 

35. 103, 150 



Pro 



{continued) 
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Rcfs,* 



:03, 150 



ntinued) 



TABLE I {continued) 



Protein kinase 



Phosphorylation 
site sequence 



Protein 



Glycogen synthase 
kinase^ 

Growth-associated HI 
histone kinase 
(MPF, c(lc2*/ 
CDC28 protein 
kinases)' 



DfflEPST'PYHSM 
I G D D D D A y S(P) 
D 

L39 R E A R S* R A S* T 
PP 

K36 P G F S* P Q P S* R 

R G S(P) 
A343 P V S'* C L G E H 

H H C T-* P S" P P V 

DHGCL 
E23J T*PPLS»PIDM 

E S* Q E R 
P, LSRTLS*VSS 



cAMP-dependent protem 

kinase regulatory 

subunit Ru 
Protein phosphatase-! G 

subunit'^ 
c-Myb' (residue numbers 

based on chicken 

sequence) 
c-Jun 

Glycogen synthase site 2 



M560 RRSVS*EAAL Hormone-sensitive lipase 
T,o S E/Q P A K T* P V Histone HI (calf thymus) 
K 



Refs.* 



Phosphatase inhibitor*2 7t 



Growth factor- 
regulated kinase 

Heme-regulated elF- 
2a kinase 

Histone H4 kinase I 



72 

36 
119 

120 
89 

42.90 
53, 54 



K,5o A T G A A T* P K 


Histone HI (calf thymus) 


53,54 


KiH T* P K 


Histone HI (calf thymus) 


53,54 


V177A K S*PK 


Histone HI (calf thymus) 


53,54 


F»PASQT»PNKT 
A 


ppeo*^"^ 


104 


P4, D T H R T* P S R S F 


ppfiO"^ 


104 


S^DT VTS'PQRA 
G 


pp60"« 


104 


DjfijAPDT+PELLH 


c-Abl type IV 


137, 138 


TK 




Sj83EPAVS*PLLP 
R 


c-AbI type IV 


137, 138 


HiMSfPPKKKRK 


Large T antigen 


137 


S313 S S* P Q P 


p53 


137 


SftPTR 


Lamin B 


137 


Sf S K R A K'A K T* T 


Myosin regulatory light 


137 


KK 


chain, nonmuscie 




K R S* P K K 


SW15 


137 


Y S'* P T S'* P S 


RNA polymerase II 


105 


P«7 L T* P S G E A 


EGF receptor 


34 


I^j L L S* E L S* R R 


eIF-2a 


38, 39 


V4J K R 1 S* G L 


Histone H4 


48 



{continued) 
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Phosphorylation 




Refs.* 


rivicin &iuciSv 




Protein 


Historic H4 kinase II 


Ac-Sf G R G K Q G 


Histoae H4 


48 


Insulin receptor- 


K/R,j« S'* S'* H C Q R 


Insulin receptor 


115 


associated serine 








kinase (IRSK) 








Isocitrate 


T«M T P V G G G I R S* 


Isocitrate dehydrogenase 


47 


dehvdroRenase 


LN VA 






kinase 








Mitoeen^ctivated 


T^ P R T* P P P 


Myelin basic protein 


107 


Dfotein kinase 








fMAP kinase) 








Mitogen-activated S6 


Rm R L S* S* L R A S* 


Ribosomal protein S6 


147, 148 


kinase (M. 70.000) 


TSKS'ESS'QK 






Mvosin I heaw chain 


R/K A G T* T Y A L N 


Myosin lA heavy chain 


32 


kinase 


LNK 








G307GAGAKKMS* 


Myosin IB heavy chain 


32 




TYN V 








GjojEQGRGRSS'V 


Myosin IC heavy chain 


32 




YS C 






Myosin ligtit ctiain 


K5RRAAEGSS*N 


Myosin regulatory light 


6, 80 


kinase 


VF 


chain* chicken skeletal 




Skeletal muscle 




muscle 




Smooth muscle 


Kit K R P 0 R A T* S* 


Myosin reeulatorv li£ht 


5, 60 




N V F 


chain, chicken smooth 








muscle 




Phosphoiylase kinase 


DiQEKRKQlS*V 


Phosphorylase 


4 




RG 








PiLSRTLS*VSS 


Glycogen synthase site 2 


4 




R2, T K R S G S* V/I Y 


Autophosphorylation (jS 


1, 101 




E 


cham)' 




ProUne-directed 


PjTPS APS*PQPK 


Tyrosine hydroxylase 


33 


protein kinase 




(monooxygenase) 






T546RPPAS*PSPQ 
R 


Synapsin I (bovine) 


100 


Protease-activated 


A229 KRRRLSS*LR 


Ribosomal protein S6 


52 


kinases I and II 


A 






Protein kinase C* 


Q^KRPS^QRSKY 
L 


Myelin basic protein 


7 




Kiw, KNGRVLT*L 


Insulin receptor (rat) 


g 




PRS 








Kii» KNGRILT*LP 
RS 


Insulin receptor (human) 


121, 122 




Y»TRFS*L AR 


Transferrin receptor 


9 




PiLSRTLS'VSS 


Glycogen synthase site 2 


135 




Pfi9] Q W P R R A S* C T 


Glycogen synthase site la 


135,150 




S 


(residue numbers based 








on human muscle 








sequence) 
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TABLE I (continued) 



Protein kinase 



Fhosphorytation 
site sequence 



Protein 



Refs,* 



Pyruvate dehydroge- 
nase kinase 



K,7lQAS*FRGHlT 

RKK 
Sf S» K R A K A K T* T 

KKR 

Ki35KKKKRFS*F 
KKS*FKLS*GF 
S* F K K N K K 

Gj7TGAS0S*FK 

F^3 F G S* D R G 

Gi48 T L S* K I F 

R«3 R R H I V R K R T» 
LRRL 

RgjRRHIVRKRT' 
LRRL 

A229 KRRRLSS*LR 
A 

Y21 V Q T* V K S* K 

GGPG 
Sz, A Y G S* V K P Y T 

NFD 
GsM K S* S» S* Y S K 
HsmEGTHS^TKR 
D354 L K L R R S-* S'* 

S-* V G Y 
R,VSS*YRRTFG 
RjjAS*FGSRGSG 

SS* VTSR 
P^TLS^TFRTTR 
Ac-Sr L K D H L I H N 

VHK 
W24oQRRQRKS*R 

RTI 

GjSSKSKPKDPS* 

QRRRS 
R75 S S* M S G L H 
RttDRKKIDS^FA 

SN 

R226 Y G M G T S* V E R 



R287 YHGHS»MSDP 
G V S* Y R 



Neuromodulia 136 

Myosin regulatory light 10 
chain, chicken smooth 
muscle 

MARCKS protein 11 



Histone HI 12 

Myelin basic protein 7 

Myelin basic protein 7 

EGF receptor 23 

erb B 126. 127 

Ribosomal protein S6 24 

Lipocortin I (p35 , 8 1 , 82 

calpactin II) 

Lipocortin II (p36, 83 

caipactin I heavy chain) 

Fibrinogen 84 

Fibrinogen 84 

Acetylcholine receptor 85 

Desmin 86 

Desmin 86 

Desmin 86 

Lactate dehydrogenase 123 

Interleukin-2 receptor 124 

pp60^'' 125 

Acetyl-CoA carboxylase 42, 141 

Acetyl-CoA carboxylase 42, 141 

El at pyruvate dehydroge- 5 1 
nase' (residue numbers 
based on human se- 
quence) 

Ela pyruvate dehydroge- 5 J 
nase' (residue numbers 
based on human se- 
quence) 
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TABLE I {cominu^d) 



Protein kinase 


Phosphorylation 
site sequence 


Protein 


Refs,* 


Rhodopsin kinase^ 


D330 D E A S* T* T* V 


Rhodopsin 


44 


S* K T-* E T-* S* Q V 








A r 






S6 kinase H (M^ 92,000) 


A229 K R R K L S ' S'* L 


KiDosonal protem 56 


31 




R A 








I^GRRQS'LI£DA 


- 

Tyrosine hydroxylase 


31 




(monooxygenase) 






P|LSRTLS*VSSL 


Glycogen synthase site 2 


31 




P G 








R139 GRASS* HSS 


Lamin C (residue num- 


31 




bers based on human 








sequence) 




Sperm-specific histone 


Pi G S* P Q K R A A S* 


Histone HI (sea urchin 


57 


kinase 


PRKS*PKKS*P 


sperm) 






RKASAS^PR 








R S* P T K R P Q 


Histone H2B| (sea urchin 


57 




KG 


sperm) 






Rto K G S* P R K G S* P 


Histone H2B2 (sea urchin 


57 




^ 

K R G 


sperm) 




Tropomyosin kinase 


HALNDMTS* 


a-Troporayosin 


46 




I-COOH 








D275 N A L N D t T S* 


^'Tropomyosin 


46 




L-COOH 






Unknown kinase(s) 


KjjKRRLS'FSET 
F 


Interleukin-la 


144 




Rfi62 E L V E P L T* P S* 


EGF receptor 


145 




(j fc A r 








F1041 L Q R y 5' 5' D P 


cur receptor 


142, 145 




T G A L 








TjjFrPAPGS^PEP 


Adenovirus type 5 289R 


146 




P 


El A protein 






R215 RPTS'PVSRE 


Adenovirus type 5 289R 


146 




CNSSTDS'CDS 


T^ 4 i ^ * * 

El A protem 




Protein-tyrosiiie kbase' 








Colony-stimulatiiig 


DSEGDSSY*K 


Autophosphorylation 


132 


factor t receptor 


NIH 






kinase 


KfigNIHLEKK Y* 


Autophosphorylation 


132, 133 




VRRD 








R759 D I M N D S N Y* V 


Autophosphorylation 


132, 133 




VKG 






£GF-receptor kinase 


Sum TRENAEY*L 


Autophosphorylation 


61 




R V APQS 








I„4i SLDNPDY'QQ 


Autophosphorylation 


61 




DFFPK 







Pro 



Insulit 



PDGF 

pp50*- 
pp60*" 
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TABLE 1 (continued) 


Protein kinase 


Phosphorylation 
site sequence 


Protein 


Rcfs.* 




Tjoei FLPVPEY^IN 


Autophosphorylation 


61 




QS VPK 








S,oeo V Q N P V Y* H N 


Autoptiosphoryhtion 


94 




QPLN 








Dy^EEDMDDVVD 


Autophosphorylation 


UK 142 




ADEY*LIPQQ 








Di33 E E V D E M Y+ R 


Myosin regulatory light 


61 




E APIDK 


chain, smooth muscle 






D,48 V K G N F N Y* V 


Myosin regulatory light 


61 




EFTRIL 


chain, smooth muscle 






1, DNEEQEY*IKT 


Lipocortin I ^35, calpac- 


61,63 




VKGS 


tin 11), porcine 






1,4 E N E E Q E Y* V Q 


Lipocortin I (p35, calpac- 


81. 




T V KSS 


tin 11), human 






L4tfAEGSAY»EE 


Phospholipase €-7 


92 




AtbjEPDY'GALYE 


Phospholipase C-y 


92 




N779PGFY* VEAN 


Phospholipase C-y 


92 




Eia, ARY*QQPFE 


Phospholipase C-y 


92 




DFR 








T, DVETTY*ADFI 


Protein kinase inhibitor 


61,73 




ASG 


protein 




Insulin receptor 


Ri,« D I Y* E T D Y* Y* 


- Autophosphorylation 


61,64 




RKGGKG 


(mouse) 






Rn43 D I y* E T D y* Y* 


Autophosphorylation 


64, U3 




RKGGKG 


(human) 






Kijij R S Y* E E H 1 P 


Autophosphorylation 


64, 113 




Y*THMNGGK 


(human) 






ENFDDY'MKE 


ppl5 [422(aP2) protein] 


114 




D93KDGNGYMSA 


Calmodulin 


67,68 




AE 






PDGF receptor 


D746 E S V D Y* V P M L 


Autophosphorylation 


65 




DMK 








DftM S N Y* I S K 


Autophosphorylation 


65 


pp50*-^ 


Im E N E E Q E Y* V Q 


Lipocortin I (p35, calpac- 


81 




T VKSS 


tin II), Human 




ppdO"'^ 


LmbEEEEEEY'MP 


Polyomavirus middle T 


61,93 




M E D L Y^ 


antigen 






S243 LLSNPTY*SV 


Polyomavirus middle T 


61 




MRSHS 


antigen' 






1,4 E N E E Q E Y* V Q 


Lipocortin I (p35, calpac- 


81 




TVKSS 


tin 11), human 






R4«LIEDNEY*TA 


Autophosphorylation 


143 




RQG AK 
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TABLE I {continued) 



' Residue numbers obtained from SWISSPROT protein data base; <P) denotes a pbosphorylated 
residue which acts as a substrate specificity determinant. 



[3] 



Reft 





Phosphorylation 






1 


Stud 


Protein kinase 


site sequence 


Protein 


Rcfs.* 




^'Arti 












'Onl; 
havt 


pp60™ and/or cn- 


F5J0TSTEPQ Y*QP 


ppeO"^ 


61. 66. 143 




s known kinase($] 


GENL 








^P.J. 




R409LIEDNEY»TA 


Autophosphorylation 


61 




'Alt! 


RQGAK 








recc 




SjM G G K G G S Y* S Q 


HLA-B7 (a chain)* 


61 


1 
1 


rcgi 




AACSD 








spei 




S290DRKGGS Y*SQ 


HLA-A2 (0 chain)* 


61 




*Thn 




AASSD 








latic 




H16 S T P P S A Y* G S 


Lipocortin II (p36, calpac- 


61,62 




'Som 




VK A YT 


tin I heavy chain) 






to ai 


P90WJW 


R4,7 LIEDNEY*TA 


Autophosphorylation* 


61 




'Resi 


RQGAK 


(residue numbers based 






A./ 






on human sequence) 




1 






R3g7LIEDNEY*TA 


Autophosphorylation 


61 




R E G A K 










pl40P'*^ 


R417 QEEDGVY*AS 


Autophosphorylation 


61 






TGGMK 
K231 Q V V E S A Y* E 
VIRLKG 

S5fiGASTGIY*EA 
LELR 


Lactate dehydrogenase* 
(residue numbers based 
on chicken sequence) 

Enolase* (residue num- 
bers based on human 
sequence) 


61 
61 




Call 

Cas 
Cas 




R4!,, E A A D G I Y* A A 
SGGLR 


Autophosphorylation 


61, 149 




CAI 


p85»"*^-" 
pl20«^*' 


Ry;, E E A D G V Y* A 


Autophosphorylation 


61. 149 






ASGGLR 
R386LMTGDTY*TA 
HAG AG 


Autophosphorylation* 
(residue numbers based 
on human sequence) 


61 


• 
I 

i 


cGI 


endogenous kinase 


M, EELQDDY'ED 


Band 3 


61, 74, 75 


! 
1 




(?p40) 


DMEEN 










p40 


fi(i(59EDGERY*DED 


Glycogen synthase (resi- 


74, 150 








Hii^ niimhers VtA4Ml An 

VIUC itUlIlLWlo till 

human muscle se- 
quence) 




i 


Miy 
Gro 

Q 


Unknown kinase(s) 


F«8TATEGQY*QP 
QP 


■p56''* 


143 


1 

i 
t 


ki 
Fho 


Unknown kinase 


KjfiKRKS'GNSRE 


Avian retrovirus nucleo* 


77 


1 


Proi 




R 


capsid protein (ppl2) 
cdc2+ (pp34) 








Unknown kinase 


KjIGEGTY^GW 
YKARHK 


106 







I 
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^ References for Tables J and II are combined at the end of the chapter. 
^ The phosphorylation sites for the )8-adrenergi'c receptor kinase are inferred from mutagenesis 
studies.*^ 

*' Artificial protein substrates have not been included for casein kinase II. 

' Only selected phosphorylation sites for cAMP-dependent protein kinase and protein kinase C 

have been included to illustrate the various recognition motifs. 
^ P. J. Robinson (unpublished result, 1990). 

' Although the growth-associated H I histone kinases appear to require proline residues for substrate 
recognition, so do a number of other kinases, including glycogen synthase kinase-3» growth factor- 
regulated kinase, mitogen-activated protein kinase, proline-directed protein kinase, and sperm- 
specific histone kinase. 

* Threonine residues 340 and 342 are assumed sites based on stoichiometry of rhodopsin phosphory* 
lation. 

^ Some doubt exists as to whether tyrosine phosphorylation of the various tyrosine kinases is due 

to autophospborytation in vivo, 
J Residue numbers for protein phosphatase-! G subunit obtained from P. Tang, J. Bondor, and 

A. A. DePaoIi-Roach (personal communication, 1990). 

TABLE U 

Consensus Phosphorylation Sites: Specificity Motifs for Protein Kinases 



Protein kinase 



S:T 
ratio* 



Motif* 



Frequency 



Calmodulin^ependent protein kinase U 



15:5 



XRXXS'/T* 
XRXXS*/T*V 
S(P)XXS*/T* 
S*/T*XXEX 

s*/t*xxdx 

RXS* 
RRXS* 
RXXS* 
KRXXS* 

r/kxs»/t* 

R/KXXS*/T» 

R/ICIl/KXS»/T* 

R/KXXXS*/T* 

S*/T'XR/K 

S*XXXS(P) 

S'/T*PXK/R 

k/rs*/t*p 

S*/T*PK/R 

K/RXXS*V/I 

S*/T*XK/R 

K/RXXS*/T* 

KaiXXS*/T*XK/R 

K/RXS'/T* 

K/RXSWXK/R 



13/20*^ 
6/20 
5/9^ 
23/30 
3/20' 
21/46 
12/46 
11/46 
2/46 
9/10 
8/10 
7/10 
5/10 
2/10 
6/12* 
6/15 
5/15 
4/15 
3/3 
20/37' 
13/37 
7/37 
10/37 
6/37 



Casein kinase I 
Casein kinase 11 



8:1 
28:2 



cAMP-dependent protein kinase/^ 



40:6 



cGMP-^ependeot protein kinase 



7:3' 



Glycogen synthase kinase-3 
Growth-associated histone HI kinase 

(MPF. cdc2*/CM28 protein 

kinases) 
I%osphorylase kinase 
Protein kinase C 



3:0 
31:6 



10:2 
7:8 
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TABLE n {comimed) 




S:T 




Protein kinase 


raUo* Motif* 


Frequency 


Tyrosine kinase' 




7/14 


EGF-receptor kinase 


Tyrosine XE/DY^X 


XE/DY*I/L/V 


5/14 



1 S : T ratio is for the total number of phosphorylation sites. 
^ Asterisks indicate the phosphorylated residue. Specificity determinants are shown in 
t>old type. 

' Three of 20 phosphorylation sites for calmoduUn-dependent protein kinase U are on 

threonine residues, induding both autophosphorylation sites. 
^ Assuming phosphorylation of Ser-3 in glycogen synthase directs Ser-7 phosphorylation. 

* Eighteen of 30 Casein kmase U phosphorylation site sequences contain 3 consecutive 
acidic residues following the phosphorylated residue* 

/ cAMP-dependent protein kinase motifs and frequency data are derived from 0. Zetter- 
qvist, U. Ragnarsson, and L. Engstrom, in "Peptides and Protein Phosphorylation" 
(B. E, Kemp, ed,), p^ 171 . Uniscienoe CRC Press. Boca Raton. Florida, 1990, and ftom 
Table I in this ch^ter. The most striking feature of the cAMP-dependent protein kinase 
phosphorylation site sequences is the variability, with less than one-third corresponding 
to the RRXS"^ motif. 

' The only autophosphorylation site included was Thr-58. Autophosphorylation at Ser-50, 
Scr-72,and Thr-84 occurs only foUowing activation with cAMP. 

* Assuming sequential phosphorylation of glycogen synthase and protein phosphatase-1 
G subunit by glycogen synthase kinase-3. 

' Twenty-three of 37 protein kinase C phosphorylation site sequences contain an adjacent 
hydrophobic residue on the COOH-terminal side of the phosphorylated residue. 

^ Apart from the EGF-receptor kinase, the tyrosine kinase substrate sequences do not 
reveal consensus recognition motifs. Relatively few phosphorylation site sequences 
aie known for exogenous proteins and autophosphorylation sites may not reflect the 
specificity determinants required in substrates. A more informative indication of likely 
phosphorylation site arrangements may be drawn from this volume [10). 
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[10] Design and Use of Peptide Substrates 
for Protein Kinases 

By Brucb E. Kemp and Richard B. Pearson 

he Synthetic peptide substrates have played an important role in the study 

od of protein kinase (PK) substrate specificity as well as in the measurement of 

)d, protein kinase activities in cell extracts . Their great utility as experimental 

de reagents became apparent from studies of the substrate specificity of the 

cAMP-dependent protein kinases and phosphorylase kinase. ^ It was found 
that the principal substrate specificity determinants for these enzymes 
were located in short segments of the primary sequence around phosphory- 
lation sites. Arginine residues were identified as important specificity de- 
terminants for both of these enzymes by studies using genetic variants of 
protein substrates' and synthetic peptides.^ Some short synthetic peptides 
of 7-10 residues were phosphorylated mih kinetic properties comparable 
to the parent protein. The sequencing of a number of phosphorylation 
sites from a variety of protein substrates for the cAMP-dependent protein 
kinase provided evidence for the concept of a recognition motif, RRXS or 
^ KRXXS, indicating that all of the features necessary for phosphorylation 

could be combined in a short peptide,^ While these findings certainly 
reinforced the concept of a recognition motif it should be noted that only 
™ approximately one-third of the known phosphorylation sites for the cAMP- 

^ dependent protein kinase actually conform to the RRXS or KRXXS motif 

The liver pyruvate kinase peptide LRRASLG^(kemptide) proved to be an 
excellent substrate for the cAMP-dependent protein kinase with a ^„ of 
approximately 5 fiM and a of 16 iivaoX min"' mg"'. Subsequently it 
was found that synthetic peptides corresponding to other phosphorylation 
site sequences for this enzyme varied widely in their capacity to act as 
substrates with K^^ values in the range 0.1 to 2 mM, At present this 

^^^^ phenomenon is understood in terms of the local phosphorylation site 

by 

' B. E. Kemp, D. B. Bylund, T« S. Huang, and E. G. Krebs. Proc, Natl. Acad. ScL U.S.A. 
72,3448(1975). 

038 ^ B, E. Kemp« D. J. Graves, £. Bduamini. and £. G. Krebs, /. Biol, Chem. 252, 4SS$ (1977). 

^ Single-letter abbreviatiQiis are used for amino acids: A, alanine; C, cysteine; D, aspartic 
acid; glutamic acid; F, phenylalanine; G. ^ycine; H, histidine; I, i&oleucioe; K, lysine; 
L, leucine; methionine; N, asparagine; P, prolims; Q. glutamme; R. angimne; S, serine; 
gcr. T, threonine; V, valine; W, tryptophan; X. unknown; Y, tyrosine. 

^ O. Zetterqvist, U. Ragnarsson, and L. Engstrfim, in "Peptides and Protein niosphoryla* 
tton*' (B. E. Kemp, ed.), p. 171. Unisdcnce CRC Press, Boca Raton, Florida. 1990, 
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sequence being the principal determinant of substrate specificity, but its 
context in the parent protein structure is also important. It seems likely 
that nearby residues required to accommodate the phosphorylation site 
sequence into the parent protein structure may influence the capacity of 
the corresponding synthetic peptide to act as a substrate either positively 
or negatively. 

The m^or goals of designing peptide substrates for protein kuiases are 
to construct peptides that have excellent kinetic properties and a high 
degree of specificity. Although some synthetic peptides are phosphory- 
lated with and Vn^x values comparable to their parent proteins, many 
are not and the reason for this is poorly understood. Peptide substrates 
that are phosphorylated with K^^ values of less than 50 fiM and preferably 
in the range 1 to 10 fiM are typically the most useful, A low a:^ value 
improves the likelihood that the peptide substrate will be relatively specific 
for that enzyme and has a cost benefit if lai:ge numbers of assays are 
required using an expensive synthetic substrate. On the other hand> from 
a practical viewpoint the V^ax value is more important than the K^^, value 
because it determines the detection sensitivity of the peptide phosphoryla- 
tion reaction. The greater the V,nax value,^ the greater the latitude available 
for varying the peptide substrate concentration. Overlapping specificities 
of some protein kinases occurs, such as for phosphorylase kinase, protein 
kinase C, and the multifunctional calmodulin-depcndent protein kinase, 
an of which phosphorylate Ser-7 in the glycogen synthase peptide (see 
below). Examples will be given below of ways in which the sensitivity 
and specificity of protein kinase peptide substrates have been enhanced. 
Sensitivity is a function of V^fK^ and the relative specificity for a peptide 
substrate toward two enzymes is a function of the ratio, [Vmax/^m (enzyme 
I)l/[VB»x/^in (enzyme 2)], or coefficient of specificity. 

Peptide Substrate Synthesis 

Previously Glass** has reported procedures for the synthesis of oligo- 
peptides for the study of cyclic nucleotide-dependent protein kinases in 
an earlier volume of this series. For this reason a detailed account of the 
chemistry of oligopeptide synthesis will not be covered here. The Merri- 
field solid-phase synthesis procedure with either tBoc or Fmoc chemistries 
is used widely,^ For the chemical synthesis of phosphorylated peptides, see 
[18] and [19] (Volume 201 in this series). The advent of modem automated 
peptide synthesizers such as the model 430 (Applied Biosystems, Foster 

*D. B. Glass, this series, V 1.99. M 19. _ _ ^ 

^ S. B. H. Kent, Anna, Rev, Biochem, 57, 957 (1988). 
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jts City, CA) has meant that the assembly of peptides is no longer rate limiting. 

gly However, peptide purification and characterization remain areas of great 

5i^e importance. The assembled peptides are typically cleaved from the resin 

, Qf using anhydrous HF* or trifluoromethanesulfonic acid . The resultant crude 

ely peptide is then extracted from the resin using one of several suitable 

volatile buffers, depending on the amino acid composition of the peptide, 
are ' Most basic and neutral peptides are soluble in 60% acetonitrile (v/v) con- 

igh taining 0.1% trifluoroacetic acid (v/v) and acidic peptides are soluble in 

,ry- 60% acetonitrile (v/v) containing 0.1 M NH4HCO3. Either acetic acid 

iny (30%, v/v) or trifluoroacetic acid (50%, v/v) can also be used for more 

ites hydrophobic peptides. The completeness of peptide extraction from the 

bly resin is readily monitored using the resin ninhydrin test.'' 

iue In general, protein kinase substrates are relatively polar and solubility 

ific is not normally limiting. The most reliable way to purify synthetic peptide 

are substrates routinely is to use both ion-exchange and reverscd-phase chro- 

om matography. Alternatively, a two-step reversed-phase chromatography 

jue using ion pairing at two pH values has been widely used for other synthetic 

4a- peptides } Reversed-phase chromatography carried out at a single pH can 

bie be insufficient, particularly in cases where hydrophobic and hydrophilic 

ties residues are separated to different ends of the peptide. Since many protein 

^iii kinases utilize either acidic or basic residues as specificity determinants 

ise, an ion-exchange step in the purification of peptide substrates is particularly 

see effective. The procedures outlined below are designed for a single person 

/ity simultaneously synthesizing and purifying peptides in a small laboratory 

ed. with limited instrument resources. 

ide Ion-exchange chromatography is conveniently carried out using a com- 

me mercial purification system such as fast protein liquid chromatography 

(Pharmacia Piscataway, NJ FPLC) or Waters (Milford, MA) 650 protein 

purification system (K. I. Mitchelhill and B. E. Kemp, unpublished). Basic 

peptides are purified on a S-Sepharose HP (Pharmacia) cation-exchange 

column (1 X 25 cm) using a 0 to 1.0 M NaCl gradient in trifluoroacetic 

acid 0.1% (v/v) with 20% (v/v) acetonitrile. The inclusion of acetonitrile 

f ?" in the ion-exchange chromatography buffer is to enhance peptide solubility 

and recovery. The flow rate is 1 ml/min for 1140 min (overnight). The 

peptide peak is located using nmhydrin staining ofdot blots of the fractions 

followed by analytical reversed-phase high-performance liquid chromatog- 

^11 ' raphy (HPLC) of the fractions containing peptide. The analytical separa- 

see 

't^^ * J. M. Stewart and J. D. Young, **Solid Phase Peptide Synthesis," pp. 44 and 66. Freeman, 

>ter San Francisco, California. 1966, 

' V. K. Savin, S. B. H. Kent, }, P. Tarn, and R, B. Meirifield, Anat. Biochem. 117, 147 
(1981). 

• J. Rivier, /, Uq. Chromatogr, 1, 343 (1978). 
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tions are routinely carried out on an RP-300 guard column (4.6 X 30 mm, 
particle size) using a linear gradient from 0 to 60% (v/v) acetonitrile 
in 0.1% (v/v) trifluoroacetic acid. This gradient may be modified to opti- 
mize the elution time and resolution, facilitating a larger throughput of 
samples. The peptide is detected by monitoring absorbance at 210 nm. 
The fractions are pooled and the acetonitrile removed by rotary evapora- 
tion. The ion-exchange purified peptide is chromatographed on a hand- 
packed preparative reversed-phase low-pressure column (2.5 x 100 cm) 
containing Vydac Cig resin (2I8TPB 2030). The combination of a large 
column and overnight chromatography provides resolution equivalent to 
an analytical HPLC column. An acetonitrile gradient in trifluoroacetic acid 
(0.1%, v/v) is run at 1.5 ml/min for 14 hr. The acetonitrile gradient is 
tailored to the properties of the particular peptide based on its retention 
on analytical reversed-phase HPLC. Again the fractions containing pep- 
tide are located by dot blot developed with ninhydrin followed by analyti- 
cal reversed-phase HPLC of the fractions containing peptide. On-line UV 
monitoring of preparative column eluants is an advantage, but in many 
cases the concentration of eluted peptide may be off scale on the detector 
unless customized preparative flow cells are used. The fractions containing 
pure peptide are pooled and lyophilized as their trifluoroacetic acid salts. 

Acidic peptides are purified on a (J-Sepharose HP (Pharmacia) anion- 
exchange column (1.6 x 10 cm) using a 0 to 0.4 M NaCl gradient in 20 
mM NH4HCO3 with 20% acetonitrile (v/v) and a flow rate of 1 ml/min for 
1140 min. The acetonitrile is removed by rotary evaporation prior to 
reversed-phase chromatography of the acidic peptides in the presence of 
20 mMNH4HC03. The anion-exchange column fractions can be screened 
for peptide using the ninhydrin dot blot procedure provided the blot is 
dipped in diisopropylethylamine (30%. v/v, in dichloromethane) and dried 
to removed NH4+ prior to staining with ninhydrin. By using a combination 
of ion-exchange and reversed-phase chromatography as described, it is 
possible to process approximately 500 mg crude peptide. 

The amino acid composition of the synthetic peptide typically is deter- 
mined following acid hydrolysis at llO*' for 24 hr in 200 ^1 6 Af HCl 
containing 0.1% phenol (v/v) and 1% thioglycol (v/v) to maximize recovery 
of tyrosine and methionine, respectively. The samples are dried under 
vacuum, dissolved in 0.2 M sodium citrate bufifer, and run on a Beckman 
6300 automated amino acid analyzer. For a purified synthetic peptide, 
molar ratios are typically within 2 to 5% of unity. If the method of hydroly- 
sis and amino acid analysis is less precise than this, it has doubtful value 
as a quality control criteria for peptide purity. Amino acid analysis does 
not reveal the presence of residual protective groups since these are re- 
moved by the acid hydrolysis procedure. However, the presence of most 
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protective groups is readily detected from the UV spectrum and generally 
result in distinct reversed-phase chromatography. Capillary electrophore- 
sis' is likely to become a more widely used criterion of purity for synthetic 
peptides since this effectively complements analytical reversed-phase 
HPLC. 



Measurement of Peptide Phosphorylation 

There have been a variety of protein kinase assays developed that 
utilize synthetic peptide substrates. These include spectrophotometries** 
fluorescent," and radioisotopic methods Quantitation of the transfer of 
to the peptide requires a simple separation system to remove [7- 
'^P]ATP, The most widely used method has been the P8l phosphoccllulose 
cation-exchange paper assay .s^-" This procedure depends on the presence 
of multiple basic residues in the synthetic peptide for binding to the P81 
paper* For other peptides it is possible to use the anion-exchange column 
procedure,*^ gel electrophoresis,*^ thin-layer and paper electrophore- 
sis/^*' and isoelectric focusing J* A tandem column procedure combining 
both cation- and anion-exchange chromatography has been developed by 
Egan €t ai^^ that gives very low backgrounds, but it is restricted to use 
with basic synthetic peptides. A number of workers have added arginine 
residues to nonbasic synthetic peptide substrates to adapt them to the P81 
paper assay (see [9] in this volume). Both the column separation proce- 
dures and the P81 paper assays can employ Cerenkov counting so there 
is no need for the continued use of scintillation fluids in many cases. 

It 1$ important when characterizing a new peptide substrate to measure 
the stoichiometry of phosphorylation. In addition to providing information 
about the specificity of the enzyme this also acts as a quality control for 
the synthetic peptide. The site of phosphorylation can be determined either 

' W. G. Kuhr, Altai Chem. (S2, 403 (1990). 

N. Bitunson, E. T. Kaiser, and A, S. Mildvan, C/fC Crit, Rev. Biochem. IS, 93 <1984). 
*' D. E. Wright, S. Noiman, P. B, Chock, and V. Chau, Froc. Natl Acad. Sci. U.S,A, 

78,6028(1981). 
" R. Roskoski, Jr, this series, Vol, 99r p. 3. 

D. B. Glass, R. A. Masaracchia, J. R. Feramisco, and B. £. Kemp, Anai. Biochem, 87, 

566(1978). 

B. E. Kemp, E. Benjamini, and E. G. Krebs, Froc. NatL Acad, Sci. V,SA. TJ, 1038 
(197«. 

" T. Hunter, N* Ling, aod J. A. Cooper, Nature {London) 3X1, 480 (1984), 
« T. W. Wong and A. R. Goldberg, /. Biol, Chem. 258. 1022 (1983). 
" T. Hunter. J, Biol. Chem, 257, 4843 (1982). 

" C. J. Rol, A. Wang, R. W. Roeske, and ?. J. Roach, /. Biol Chem. 265, 6061 (1990). 
" J. J. Egan, M, K. Chang, and C. Londos, Anal Biochem, 175, 552 (1988). 
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by the direct sequencing procedures,^ mass spectrometry ,2' or by more 
classical approaches.^ The introduction of capillary electrophoresis has 
also provided an important analytical tool for characterizing phosphopep- 
tides' due to its great sensitivity and resolving power with polar peptides 
(Applied Biosystems, bioseparations application notes). 



Design of Peptide Substrates 

There are three approaches to the design of protein kinase peptide 
substrates. The most widely used approach is to synthesize analogs of 
known phosphorylation site sequences. These may be from natural sub- 
strates, aulophosphorylation sites, or phosphorylation sites in exogenous 
substrates such as histone, myelin basic protein, or caseins. The second 
approach is to use random polymers of amino acids such as Tyr and Glu 
for tyrosine kinases (see [7] in this volume). While random polymers 
may be excellent substrates the disadvantage of this approach is that the 
phosphorylation site is less well defined. In principle, degenerate random 
peptide sequences could be used in a cocktail to study the specificity of a 
protein kinase. The most rapidly phosphorylated peptides could then be 
isolated and their sequence determined. It would be possible to optimize 
the kinetic properties of a given peptide substrate by "shotgun" substitu- 
tion of all other amino acids at every residue. Analogous approaches 
have already been used to study antibody specificity and to epitope map 
proteins. Geysen et alP and Houghton^ have developed procedures for 
making small amounts of large numbers of peptides that could be employed 
for studying protein kinase specificity in this way. The third approach is 
to prepare substrate analogs of the pseudosubstrate autoregulatory regions 
(see below) that have been found in a number of protein kinases. A report 
of engineering phosphorylation sites into recombinant proteins^ has been 
made; however, this is beyond the scope of this chapter. 

A number of attempts have also been made to understand phosphoryla- 



^ R. E. H. WettenhaU. R. H. Aebersold. L. E. Hood, and S. B. H. Kent, this scries, Vol. 
201 [I5J, 

2' H. E. Meyer. E. Hoffmann-Posorskc, H. Kortc, and L. M. Heilmeyer, FEBS Utu 204, 
61 (1986). 

^ R. B. Pearson. R. Jakes, M, John, J. Kendrick-Jones, and B. E. Kemp, FEBS 168, 
108 (1984). 

2^ H. M. Geyaen, R. H. Melocn, and S, J. Barteling, Proc. Natl Acad. ScL U.SA. 81, 3998 
(1984). 

" R. A. Houghton, Proc. NatU Acad. ScL V.S.A, 82, 5131 (1985). 
25 K. Nakai and M. Kaoehisa, J. Biochem. {Tokyo) 104, 693 (1988). 
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tion site sequences in terms of their possible secondary structures.^ 
is has Although it is not yet possible to design potent synthetic peptides purely 

Qpep_ from theoretical structural considerations alone, the rapid expansion in 

ptides the phosphorylation site sequence database, improved structure predic- 

tions, and increased knowledge of protein kinase specificity may make this 
possible in the future. An alternative to using synthetic peptide substrates 
directly is to conjugate them to carrier proteins or even immobilize them 
on various resins* Little has been done in this area except that tandem 
repeat peptide substrates have been used with the ceil cycle kinase,^ cdc2, 
^p^j^g and peptide substrates have been conjugated to antibodies as a means of 

labeling the antibody. It is possible that the kinetics of peptide phosphory- 
I g^^J_ lation may be enhanced by conjugation to a carrier protein. A difficulty 

gjjpjjg with chemically conjugated peptide substrates is that, depending on the 

j^jQjjjj strategy used, the product may be heterogenous. Peptide substrates can 

J Qlu be conjugated to proteins or solid supports through cysteine residues at 

^fjjgfg the carboxyl- or amino-terminal end without interfering with side chains 

required for recognition by the protein kinase. It is desirable to use a 
xi^Qi^ heterobifunctional maleimide cross-linking reagent to give a thioether link- 

y a age that is stable in the presence of sulfhydryl reagents. A wide variety of 

5^ chemical cross-linking procedures have been used to conjugate peptides 

iujj^e proteins to enhance their immunogenicity and some of these could be 

applied to conjugation and immobUization of protein kinase synthetic 
g^^l^es peptide substrates (see this series). 

. (jj^p A list of synthetic peptide substrates for a number of protein kinases 

2s f^Y prepared from the local phosphorylation site sequences of known sub- 

iQygd strates is given in Table L^'-^^ The degree of specificity varies widely with 

ich is 

gions ^' ^* Laager, B. Schwartz, and S. Pcstka, Proc, NatL Acad, Sci. U,SA. 86^ 

ennrf 558<1989). 

T^"" » R. E. WilUams, Science IW, 473 (1976). 

^ J. F. Leszczynski and G. D. Rose. Science 234, 849 (1986). 

" C. Radzi^ewski, W. T. Miller, S. Mobashery . A. R. Goldbci^. and E. T. Kaiser. Blochem- 
3ryla- ij^ry 28, 9047 (1989). 

^ D. A. Tinker. E. G, Krebs, I, C. Felthan, S. K. Attah-Poku, and V. S. Ananthanarayanan, 
J. Biol Chem, 2fi3, 5024 (1988). 

» L. J. Cisek and J. L. CoMen. Nature {London) 339, 679 (1989). 
s. Vol. " D. B. Glass and E. G. Krebs. J. Biol, Chem. 254, 9728 (1979). 

^ R, B. Pearson, i. R. Woodgett. P. Cohen, and B. E. Kemp, BioL Chem. 260, 14471 
7. 204, (1985). 

" Y. Hashimoto and T. R, Soderling, Arch, Biochem. Biophys. 252, 418 (1987). 
7. 168, ^ B. E. Kemp and R. B. Pearson, /. Biol Chem, 260, 3355 (1985). 

" C, H. Michnoff, B. E. Kemp, and J. T. Stull. i. Biol Chem, 261, 8320 (1986). 
1, 3998 * B. E, Kemp and M. John, Cold Spring Harbor Conf, Cell Proliferation 8, 331 (1980). 

^ C. House, R. E. H. Wettcnhall, and B. E. Kemp. i. Biol Chem. 262, 772 (1987). 

^ 1. Yasuda. A. Kishimoto. S. Tanaka, M. Tominaga, A. Saicurai. and Y. Nishizuka, Bio- 
chem. Biophys. Res, Commun, 166, 1220 (1990). 
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a number of the peptides acting as substrates for multiple protein kinases. 
In the case of the glycogen synthase kinase-3 substrate peptide listed, 
prior phosphorylation with casein kinase II is required^* before it can act 
as a substrate because of the specificity requirement for an n + 4 acidic 
residue which can be provided by phosphorylated serine [Ser(P)] in this 
case. In some cases multiple synthetic peptide substrates have been pre- 
pared by different laboratories for particular protein kinases. Generally 
only the one with the most favorable kinetics of phosphorylation has been 
listed. The protein kinase C peptide substrate PLSRTLS*VAAKK derived 
from glycogen synthase has the most favorable kinetics but the peptide 
QKRPS*QRSKVL derived from myelin basic protein is probably more 



» J. R. Woodgelt, K. L. Gould, and T. Hunter. Eur. J. Biochem. 161, 177 (1986). 
« A. D. Blake, R. A. Mumford. H. V. Strout. E. E. Slalcr. and C. D. Strader. Biochem. 
Biopkys. Res. CommUtt. 147, 168 (1987). 

B. Gabriclli, R. E. H, Wettenhall, B. E. Kemp, M. Quinn, and L. Bizonova, FEBS Lett. 
175, 219 (1984). 

« S. L. Pclcch, B. B. Oiwin, and E. G. Krebs. Proc. Natl Acad, Sci. USA, 85, 5968 (1986). 

S. P, Davies, D. Carting, and D. G. Hardie, Eur. J, Biochem. 186, 123 (1989). 
^ P. Hohmann and R. Greene, Biochem. Biophys, Res. Comnutn. 168^ 763 (1990). 

M. Peter, J, Nakagawa, M. Donee, J. C. Ubb6, and E. A. Nigg, Cell {Cambridge, Masa.) 

60, 791 (1990). 

«^ P. R. VuUiet, F. L, HaJl, J. P. Mitchell, and D. G. Hardie. /. Biol Chem. 264, 16292 (1989). 

J. L. Countaway. I. C. Northwood, and R. J- Davis, J. Biol. Chem, 264, 10828 (1989). 
* F. Meggio, L W. Perich, H. E. Meyer, E. Hoffmann-PoRorske, D. P. W. Lennon, R. B. 

Johns, and L» A. Pinna, Eur. /. Biochem, W6, 459 (1989). 

P. Agostinis, L. A. Pinna, F, Meggio, O. Marin, J. Goris, J. R. Vandenhecde, and W. 
Merlevede. FEBS UtL 259, 75 (1989). 
" E, A. Kuenzel, J, A. Mulligan, J. Sonunercom, and E. G. Krebs, 7. Bioi. Chem. 262, 9136 
(1987). 

" C. J. Fiol, A. M. Mchrenhoiz. Y. Wang. R. W, Roeske, and P. J. Roach, 7. Biot. Chem, 

262.14042(1987). 
« K. J. Chan. Biochem. Biophys, Res. Commun, 165, 93 (1989). 

R. A. Masaracchia, B. E. Kemp, and D. A. Walsh. J. Biol. Chem. 252, 7109 (1977). 
^ K. Palczewski, A. Arendt, J. H. McDowell, and P. A. Hargrave, Biochemistry 28, 8764 

(1989). 

5^ M. H. Watson. A. K. Tan(aa, R. S. Hodges, and A. S. Mak, Biochemistry 27, 4506 (1988j. 
^ G. S. Baldwin, A. W. Burgess, and B. E. Kemp. Biochem. Biophys. Res. Commun. 109, 
656 (1982). 

" C. House, G. S. Baldwin, and B. E. Kemp. Eur. J. Biochem. 140, 363 (1984). 

^ W. Weber, P. J. Bertics, and G. Gill, J. Biol, Chem. 259, 14631 (1984). 

» J. E. Casnellie and E. G. Krebs, Adv. Enzyme Regul 22, 501 (1984). 

^ M, L. Harrison, P. S, Low, and R. L. GeaWen, J. Biol, Chem. 259, 9248 (1984). 
L. A. Stadtmauer and O. M. Rosen. 7. Biol. Chem, 258, 6682 (1983). 
J. G, Foulkes. B. Mathey-PrSvot, B. C, Guild. R. Pryncs, and D. Baltimore, iVi '*Canccr 
Cells/3. Growth Factors and Trrmsformaiion" (J. Feramisco, B. Ozanne, and C. Stiles, 
eds.). p. 319. Cold Spring Haibor Lab.. Cold Spring Harbor. New York, I98S. 

^ J. A. Cooper, F, S. Esch, S. S. Taylor, and T. Hunter, 7. Biol. Chem. 259, 7835 (1984). 
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TABLE I 

Peftide Substrates Based on Protein Phosphorylation Site Analogs in Natural and 

Exogenous Substrates 



an act 
acidic 












n this 








(pmoV 




n nre- 


Enzyme 


Peptide sequence" 


min/mg) 


Ref.* 


eraliy 


Serine/threonine kinases 










;been 


cAMP-PK (manunaUan) 


LRKAS*LG 


4.5 


16 


1 


jrived 


cAMP-PK (yeast) 


VKRKYLKKLTRRAS*FSAQ 


4,3 


28 


c 


sptide 


cGMP-PK 


MDKVQYLTRSAIRRAS*T1E- 


7.0 


5 


d 




MPQQARQNLQNL 








cGMP-PK 


RKRS*RAE 


29 


20 


31 




Cam n PK' 


PLRRTLS*VAA 


3^ 


11.3 


32 






PLARTLS*VAGLPGKK 


12 


2,75 


33 




Sm MLCK 


KKRAARATS'NVFA 


7.5 


1.4 


34 


ochem. 


Sk. MLCK 


AKRAARATS*NVFS 


10 


31 


35 




Phosphorylase kinase 


KAKQIS*VRGSL 


900 


2.9 


36 


^SLett, 


ProteiD kinase C (mixed) 


PLSRTLS*VAAKK 


4 


12 


37 






QKRPS'QRSKYL 


7 


d 


38 


1(1986). 




AKRRRLSS*LRA 


0.51 


1.1 


37 






VRKRT*LFRL 


48 


0.99 


39 


0). 




yQRRQRKS*RRTI 


24 


0.92 


39 


Mess.) 




myr-GSSKSKPKDPS*QRRRSLE 


48 


0.56 


39 






CNlc-RRSSSKAYG 


4.1 


5.0 


40 


1(1989). 


S6 kinase 


RRLSS*LRA 


180 


f 


41.42 


(1989). 


AMP-PK 


HMRSAMS+GLHLVKRR 


30 


1 


43 


i, R. B. 




KS*PAKT*PVK 


f 


f 


44 






(S*PTS*PSy)e 


200 


f 


30 


and W. 




AVT*PAKKAAT*PAKKA 


20' 


r 


45 




Proiine-dependent PK 


PTPSAPS^PQPKO 




f 


46 


62,9136 


Growth factor PK (p45) 


ELVEFLT*PSGEAPNQALLR 


/ 


f 


47 




Casein kinase I 


DDDEESMTRR 


1000 


h 


48 


. Chem. 


Casein kinase II 


ESLS*S$EE-NHMe 


11 


f 


49 






RRREEES*EEE 


180 


2.13 


50 






RRRDDDS*DDD 


60 


2.19 


50 


>77). 


Mammary gland PK 


ESLSS*SEE-NHMe 


38 


f 


49 


M, 8764 


Glycogen synthase 


PRPAS*VPPS*PSLS'RH 


2 


f 


51 


1(1988), 


kinase-3 


SS*PHQSEDEEEP 








Ganglioside PK 


RFS*WGAEGQK 


/ 


f 


52 


un. 109, 


Histone H4 kinase I 


VKRIS*GLG 


43 


0.016 


53 




Rhodopsin kinase 


-DEASTTVSKTETSQVAP- 


1400 


0.008 


54 




TFOpomyosin kinase 


KLKYKAISEELDHALNDMTS*! 


500 


0.034 


55 




Protein-tyrosine kinases 












EGF-receptor kinase 


RRLEEEEEAY*G 


150 


0.002 


56 






UEDAEYTA 


440 


0.006 


57 






DRVYnHFF 


800 


0,011 


58 


*Cancer 




(angiotensin II) 








. Sliles. 




RREELQDDY'EDD 


90 


0.001 


1 



; (1984). 



(eontinuett) 
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TABLE I (continued) 



Enzyme 


Peptide sequence" 




^dUUt 

min/mg) 


Ref> 




RRUADAEY*AARG 


1300 


0.006 


59 


DRVY*IHPFHL 










(angiotensin I) 


2300 


0.005 


60 




DRWnHPFHL 








ppvv 


(angiotensin I) 


1540 


0.003 


16 


DRVY*mPF 










(angiotensin II) 


2000 


0.010 


16 




DRVY*VHPF 










[V^langiotensin II) 


870 


0.007 


16 




IENEEQEY*VQTVK 


440 


0,010 


28 




Raytide 


too 


f 


J 


Insulin receptor 


RKLIEDAEY*ARG 


1200 


f 


61 


drvy*ihpf 










(angiotensin ID 


2600 


f 


61 




RVY*VHFF 










(angiotensin III inhibitor) 


8000 


f 


61 




DRVY*IHPFHL 










(angiotensin D 


3700 


1.25 


62 


AAVPSGASTGIY*EALELR 








PI40W*' 


(enolase peptide) 


200 


f 


63 



" *, Phosphate acceptor site. 

* Numbers refer to text footnotes, 

' C. Denis et ai (unpublished. 1990); J. R. Cherry. T. R. Johnson, C, DoUard. J. R. Shuster. and 

C. L. Denis. Cell (Cambridge, Riass.) 56. 409 (1989). 
^ P. J. Robinson, B. Michell. K. L MitchclhiU, and B. E. Kemp (unpublished, 1990). 
' Cam, cahnodulin; Sm, smooth; Sk. skeletal; MLCK, myosin light chain kinase; myr. myrislate; 

Nle, norleucine; Me, methylester. 
^ Not reported or not given per unit protein. 
' Inferred from Ki value. 

* Vwa equivalent to ^-casein A*. 

' C. House and B. E. Kemp (erythrocyte band 3 site, unpublished). 

•'" Raytide is a model peptide substrate supplied by Oncogene Sciences, Inc. Although the structure 
of this peptide is not provided by the manufacturer, ii has a JSr„ value similar to the gastrin and 
band 3 peptides (see above). 

specific (Table I). The data concerned with protein kinase C refers to the 
preparation from brain consisting of a mixture of a, and y isoenzymes. 
There are not yet any isoenzyme-specific synthetic peptide substrates 
available for protein kinase C, but work in this area is being undertaken.^ 
The S6 kinase refers to the growth factor-sensitive enzyme activity; how- 



Cam 

EGF 



Insnl 
PP60 
pp60 
p5^ 



" R. M. Marais and P. J, Parker, Eur. J. Biochem. 182, 129 (1989). 



evei 
nunj 
in a 
com 
pepl 
For 
kno^ 
and. 
tend 
sequ 
site 
fimc 
stud 
li 

num 
used 
ofp^ 
worg 

«R.. 

Ket 
«RJ 

(19i 

«J.t 
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) Ref> 

59 

60 

16 

16 

16 
28 

J 
61 

61 

61 

62 

63 

ihuster, and 
myristate; 



he structure 
gastrin and 



to the 
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; how- 



TABLE 11 

Peptide Substrates Based n Autophosphorylation Sites 



Enzyme 


Peptide 




(^oiymin/mg) 


Rfif." 


Camll-PK 


MHROET*VDC 


10 


3 15 




cGMP-PK 


IGPRTT*RAQGI 


578 


0.069 


67 


EGF-receptor PK 


RRKGSTAENAEY*LRV 


160 


0,009 


68 




RRISKDNPDY*QQD 


340 


0.010 


68 




RRDDTFLFVPEY*INQS 


410 


O.OU 


68 


Insulin-receptor PK 


TRDIY*ETDY*Y*RK 


240 


ND* 


69 


pp60^ 


EDNEY*TARQG 


6250 


0.001 


16 


pp60" 


EDNEY»VARQG 


5890 


0.001 


16 




PRLIEDAEY*AARG 


1160 


0,01 


29 



" Numbers refer to text footnotes and these contain the names of the parent substrate 

proteins. 
* ND, Not reported. 



ever, it is now recognized that there are multiple S6 kinases. There are a 
number of protein kinases capable of phosphorylating Thr/Ser-Pro sites 
in addition to p34'^'^ and further work is required to understand their 
comparative specificities. A detailed account of tyrosine kinase synthetic 
peptide substrates has recently been prepared by Geahlen and Harrison.^ 
For several protein kinases consensus phosphorylation site sequences are 
known, such as RRXS*X for the cyclic AMP-dependent protein kinase 
and RXXS*XR for protein kinase C. The corresponding synthetic peptides 
tend to be good substrates, but it should be noted that the consensus 
sequence is usually recognized by comparing multiple phosphorylation 
site sequences as well as taking into account peptide substrate structure/ 
function data in which the roles of key specificity determinants have been 
studied. 

Many protein kinases undergo autophosphorylation and there are a 
number of examples where autophosphorylation site sequences have been 
used to construct synthetic peptide substrates (Table II).*"' The kinetics 
of phosphorylation of these peptides is generally no better, and frequently 
worse, than for peptides based on the local phosphorylation site sequences^ 

^ R* J, Geahlen and M. L. Harrison, in **Peptides and Protein Phosphorylation" (B, E, 
Kemp, ed.), 239. Unisciencc CRC Press, Boca Raton, Florida. 1990. 

" R. J. Colbran, Y. L. Fong. C. M. Schworcr. and T. R. Soderling,/. BioL Chem, 263, 18145 
(1988), 

D. B. Glass and S. B. SmiUi, /. BhL Chem. 258, 14797 (1983). 
^ J. Downward, M. D. Waterfield. and P. J. Parker, J. Biol. Chem. 260, 14538 (1985). 
^ L. Stadtmaucr and O. M. Rosen, 7. BioL Chem. 261, 10000 (1986). 
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TABLE m 

PEFnPE SupyntATES Based on Ps eudosubstrate Pbototopbs ^ 

V 

Enzyme Peptide ■nin/mg) Ref.^ ^^^^ 



aPK-C(19-3n» S25 RFARKGS*LRQKNV 0.2 8 70 

aPK-C(lS-31). DVANRFARKGS*LRQKNV 18 ^.5 64 * 

APK^(15-31). ECTVRFARKGS^LRQKNV 7.2 I t ^ ] 

yPK-C(15-31), 8:5 OPRPLFCRKGS'LRQKW 9.6 2.3 64 

ePK-C(149-164), Sup ERMRPRKRQGS*VRRRV 68 1.9 71 

PKI(14-22), S a GRTGRRNSn n 9.2 72 

" Numbers refer to text footnotes. 

sub 
Ala 

of substrates. Accordingly none of these is used routinely as model sub- kin: 
strates. 

Potent synthetic peptide substrates have been constructed using the gen 
pseudosubstrate sequences found in proteui kinase C and the cAMP- inst 
dependent protein kinase inhibitor protein. Some of these peptides have kin; 

values in the submicromolar range (Table HI).^^ On the other hand, by 
the pseudosubstrate-based peptide substrates for the myosin light chain 
kinases from both smooth muscle and skeletal muscle are exceedingly 
poor substrates (not Usted). Substrate analogs of the pseudosubstrate Api 
regions have been prepared for protein kinase C isoenzyme forms a, , 
and y and all act as effective substrates (Table III), but are not isoenzyme 

specific. froj 

Schaap and Parker^' exploited the pseudosubstrate idea to design a 
peptide substrate for recombinant s protein kinase C that does not phos- 
phorylate histone. As more protein kinases are identified by cDNA cloning P 
techniques, particularly through the use of the polymerase chain reaction, 
the demand for peptide substrates designed using the pseudosubstrate 
regulatory concept v/ill increase. . 

The specificity of synthetic peptide substrates toward different pro- 
tein kinases may be modulated by making amino acid substitutions. An 
early example of this was shown for the phosphorylase peptide,^.'^ 
KRKQISmVRGL, where replacement of Arg-I6 witii Ala made tiie peptide ' 
a potent substrate for tiie cAMP-dependent protein kinase and a poor 

poti 



« C. House and B. E. Kemp, Science 238, 1726 (1987). 

" D Schaap and P, J. Pariser. J. Biol Ch€m. 265, 7301 (1990). ^ 
" D. B. Glass, H. C. Cheng, L. Mende-Mueller, J. Reed, and D. A. Walsh. Biol. Chem. 
264,8802(1989). 



25 



i 



MPlR-05-2004 09:36 



OOAG CfiL CIRCULATION BCfl 



6137596621 P. 15/16 



[10] 



Ref," 

70 
64 
64 
64 
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TABLE IV 






Modulation of Peptide Substrate Selectivity by Substitution 




Fhospboryiase kinase 




cAMP-PK 


Peptide sequence 










[Phosphorylase(9-18)l 




Oimot/min/mg) 




Oimoi/min/mg) 


KRKQIS*VRGL 


900 


2,9 


3900 


4.1 


KRKQIS*VAGL 


2500 


0.18 


36 


21.4 


KAKQIS*VRGL 


900 


2.7 


2200 


0.04 



' From Ref. 2. 



substrate for phosphorylase kinase (Table IV). Substitution of Arg-10 with 
Ala had the opposite effect, enhancing specificity toward phosphorylase 

I sub- kinase and suppressing phosphorylation by the cAMP-dependent protein 

kinase. Siniilar switches in specificity have been engineered for the glyco- 

ig the gen synthase peptide." PLSRTLS7VAA, where substitution with Arg 

\MP- instead of Ser-3 favors phosphorylation with the calmodulin-dependent 

have kinase II. Substitution of Thr-S with Arg, however, favors phosphorylation 

hand, by the cAMP-dependent protein kinase. 

chain 

lingly 

strate Applications 

Synthetic peptide substrates have proved extremely useful reagents in 
the study of protein kinases across a wide spectrum of studies, extending 
from those carried out with crude extracts to structural studies vrith NMR 
and X-ray crystallography. By using peptides containing a single phos- 
phorylatable residue it has been possible to detect protein kinases in cell 
extracts containing multiple protein kinase activities. The sensitivity and 
specificity of synthetic peptide substrates has made them the substrate of 
choice in the study of hormonal regulation of protein kinases. Stability 
and chemical purity are also major benefits in using synthetic peptide 
substrates. Since quantities are not usually Umiting they can often be used 
at saturating concentrations, making it possible to obtain maximum rates 
of phosphorylation. Synthetic peptides may be used effectively in the 
confirmation of natural phosphorylation sites. Often the available protein 
substrate is limiting; synthesis of peptides corresponding to a number of 
potential phosphorylation sites in the protein can be used to determine the 

Chem, ^ S. A. Uvesey, B. E. Kemp, C. A. Re, N. C. P&nridge, and T. J. Martin, 7. Biol. Chem, 

257, 14983 (1982). 



izyme 

iign a 
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poor 
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most likely site,^^ The power of this approach can be further enhanced by anic 

making complementary point mutations/in the protein substrate. With assi 

improvements in the potency of peptide substrates it is likely that applica- stra 

tions of affinity purification will also increase ([13], this volume), spe* 

In the past the development of synthetic peptide substrates has lagged cati 

behind the discovery of protein kinases. This situation is changing due to mar 

the widespread use of many synthetic peptides, such as the kemptide and a ar 

the ribosomal S6 peptide, which have been used to detect protein kinases tive 

with unforeseen overlapping specificities to the cAMP-dependent protein pea 

kinase.''^'^* The availability of relatively specific inhibitors such as the larl: 

cyclic AMP^lepcndent protein kinase inhibitor peptide PKI(5-22)^ and bine 

other pseudosubstrate inhibitors (this series. Volume, 201 [24]) as well as app 

calcium chelators for calcium-dependent protein kinases greatly facilitates sign 

attempts to detect new protein kinase activities using peptide substrates subi 

capable of being phosphorylated by multiple protein kinases* by < 

It can be expected that in the forthcoming years there will be even con 

greater synergy between the use of recombinant protein expression and prol 

synthetic peptides to create a variety of protein kinase substnites in order enz; 

to explore the mechanisms of regulation by protein phosphorylation. Kj^ 

acti 

^* B. Luscher, E. Chrisienson. D. W. Litchfield, E. G. Krebs, and R, N. Eisenman, Nature 

(London) 517 {{9901 reC€ 
" E. Erikson and J* L. Mailer, Second Messengers Phosphoproteins 12, 135 (1988). 

^ J. K. Klariimd, A. P, Bradford, M. G. Milla, and M, P. Czech, J, BioL Chem. 265, 227 g™> 

(1990). X 
" B. E. Kemp. H. C. Cheng* and A, Walsh, ihis series, Vol. 159. p. 173. tion 

CK] 

pfaa] 

I 
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[11] Synthetic Peptide Substrates for Casein Kinase II 



Casein Kinase II 



By Daniel R, Marshak and Dennis Carroll ^ 

(19 

The enzyme casein kinase II (CKIIJ is a protein-serine/threonine ki- (i9 
nase found in all eukaryotic cells.^ Its ubiquitous distribution among spe- J J. ; 

cies and tissues implies a function central to all nucleated cells. CKII was > ^• 

first identified from rabbit reticulocyte lysates,^ and subsequently isolated , ^' 

from hypotonic extracts of mamnjalian liver and lung tissue.^ Following w d. 

91 

» G. M» Hathaway and J. A. Traugh, Curr. Top. Cell Regul. 21, 101 (1982). ref 
' G. M. Hathaway and J. A, Traugh. /. Biol. Chem. 254, 762 (1979). bei 
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A REVIEW of protein kinase recognition 
sequences is both long overdue and 
premature, ft is overdue because many 
of the approaches and applications of 
this field are more than a decade old, 
and it is premature because we do not 
Icnow the three-dimensional structure of 
a single protein idnase substrate com- 
plex. The study of protein lOnases over 
the last 35 years has resulted in protein 
phosphorylation being recognized as 
one of the most important mechanisms 
of regulating intracellular processes.' 
There are few, U any. pliysiological pro- 
cesses in eultaryotes that are not 
dependait on protein phosphorylation. 
While this brief review Is focused on 
protein kinase recognition motifs, it 
should be recognized that protein phos- 
phatases, which catalyse the reverse 
reaction, are equalJy important players 
in the overall process of regulation of 
protein hmction Ijy phosphorylation. 
Undoubtedly, their specificity and regu- 
latory properties are no less Important 

B. E. Kemp arul R. B. Pearson are at the 

St Vincent's Institute of Medical Research. 
41 Vicloria Parade, fitzroy, Victoria 3065, 
Australia. 
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Protein kinase recognition 
sequence motifs 



Bruce E. Kemp and Richard 3. Pearson 



Protein kinases pl^ a crucial role in the regulation of many cellular 
processes. They alter the functions of their target piSelns bl 
phosphoryiating specific serine, threonine and tyrosine residues 
Identification of phosphorylation site sequences and studies with 
corresponding model peptides have provided clues to how these 
important enzymes recognize their substrate proteins. This knowledge has 

^L.^^^'^ ' ^ P^^"^'^' ^^^^ °f phosphorylation in newly 

sequenced proteins as well as to construct specific model substrates and 



All protein kinases contain a common 
catalytk: domain which typically 
extends over 240 residues', including 
the binding sites for ATP and the pro- 
tein substrate (Fig. 1). The ATP^inding 
site is located at the amino terminus of 
the domain as characterized by the 
Rossmann motif, GXGXXG, whUe the 
caitraUy located Aspl84 b responsible 
for base catalysed transfer of the phos- 
phate to the protein substrate*. The 
binding site for the protein substrate is 



some evidence favours the Idea that it 
is located in the carboxy4erminai 60 
residues of the catalytic domalnl 

Early studies found that protein 
kinases phosphoryiated their taiget 
proteins at discrete sites. These 
enzymes were shown to prefer certain 
exogenous substrates (such as casein, 
phosvitin and histones) and only phos^ 
phorylated a limited number of avail- 
able sites. Indeed. Krebs and Fischer 
showed that phosphorylase kinase only 
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ase which contains 64 Ser and Thr 
residues. Langan's pioneering worlc on 
histoae phosphorylation demonstrated 
that several protein kinases may phos- 
phoryiale a common substrate at mul- 
Uple sites. The Importance of substrate 
specificity was hirther hi^lighted by 
the discovery of the cAMP-dependent 
protein kinase by Walsh and his col- 
leagues. This enzyme did not phosphory- 
late phosphoryia^e but did phosphory- 
late a wide range of exogenous pro- 
teins. The idea that the multiple func- 
tions of the second messenger cAMP 
wope ail mediated by the cAMP-depen- 
dent protein kinase implied the enzyme 
recf^nized a panel of protein sub- 
strates that were subject to hormonal 
regulation. This raised the question of 
how protein kinases recognized specific 
residues out of the numerous hydroxy! 
groups in their substrates. 

It became evident that the local 
sequence around the phosphorylation 
site played a vital role in recognition by 
the cAMP-<lependent protein kinase and 
that argtnine residues were involved. 
The cAMP-dependent protein kinase 
phosphorylated p casein B at Serl24 in 
the sequence TERQaX (nos 120-126) 
but not in the more common variant p 
casein A* where Ser replaces Axg at 
position 122 (Ref. 4). This observation 
suggested that the cAMP-dependent 
protein kinase substrate recognition 
motif may be the RXS* sequenced 
Studies In several laboratories in the 
mid-1970s demonstrated that the cAMP- 
dependent protein kinase readily phos- 
phorylated short . synthetic peptides^ 
and provided compelling evidence for 
the role of Aig residues. Significantly, 
the synthetic peptide modelled on the 
liver pyruvate kinase phosphorylation 
site sequence, LRRASLG (Kemptide), 
was phosphorylated with kinetic con- 
stants comparable to native protein 
substrates. This data suggests that all 
of the information necessary for recog- 
nition by the cAMP-dependent protein 
kinase could be present In the local 
phosphorylation site sequence and that 
RRXS was a preferred motif (reviewed 
in Ref. 5). While the primary sequence 
and proximity of Arg residues plays an 
important role, higher orders of struc- 
ture can have an overriding influence. 

*The phosphate acceptor site is indicatsd S* to dts- 
tingufeh It from serine phosphate (S(P)) wNch may 
act as 8 specfficity detenrtnant far some protem 
kinases. Where the specificity determinants are 
krtown. less essential residues are marked x and 
determinant residues are shown in bold. The com. 
plete phosphorytetton sue sequence fs given where 
(he malar determinams are not known (see Table I). 



/ 
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ATP-binding r^^on Catalysis Putative protein substrate-tHoding region 



Ffgurel 

General structure of a protein kinase catalytic domain. Residues tanserved in almost all 
known serir»e, threonine and tyrosine protein kinases are numlwred according to the 
cAMP-dependent protein kinase catalytic subunit 



For example, lysozyme does not act as 
a substrate for the cAMP-dependent 
protein kinase unless it is chemically 
modified. 

Protein kinase specificities 

The study of sequences surrounding 
the local phosphorylation site and the 
phosphorylation of model peptides has 
enabled the identification of phos- 
phorylation site motifs for a number of 
protein kinases (see Table I). Although 
this is an extensive list, the explosion of 
protein kinase sequences generated by 
DNA cloning has outstripped our knowl- 
edge of their substrate specificities and 
Identification of natural substrates. 

All of the calmodulltKlependent pro- 
tein kinases studied to date utilize basic 
residues as specificity determinants. 
The specificity of phosphorylase kinase 
was studied in detail by Graves and his 
colleagues^ In the model palindromic 
peptide LSYRRYSL (nos IS), Ser2 is 
phosphorylated by phosphorylase 
kinase, whereas the cAMP-dependent 
protein kinase phosphorylates Ser7 on 
the carlwxyl side of the adjacent 
arglnines* While there is a strong influ- 
ence of a carboxyl basic residue S*XR 
in the phosphorylase peptide, this is 
not an absolute requirement since the 
enzyme can phosphorylate sites with- 
out a basic residue in this position. The 
non-chaiged adjacent residues may also 
influence the phosphorylation of model 
peptides. The myosin light-chain ki- 
nases horn both smooth and skeletal 
muscle also show restricted substrate 
specificity for myosin light chains. 
While the skeletal muscle isoenzyme 
will phosphorylate light chains from 
skeletal, cardiac and smooth musde, 
Stull and his colleagues have shown 
that the smooth musde enzyme has a 
strong preference for Hght chains from 
the same musde. The smooth muscle 



myosin light-chain kinase requires the 
sequence KKRXXRXXS*, with the num- 
ber and spatial arrangement of the 
basic residues essential for favourable 
kinetics of phosphorylation and for 
directing the phosphate to the correct 
site'. In skeletal muscle myosin light 
chains the local phosphorylation site 
sequence contains Glu at residue 10 in 
the sequence PKKAKRRAAEGSS*NVFS 
(nos 1-17). Synthetic peptide analogs of 
the native sequence are phosphoryl- 
ated with low values, whereas 
those containing Arg at position 10, 
analogous to the smooth musde light 
chains, are readily phosphorylated by 
skeletal musde enzyme. This Is a good 
example of a negative determinant that 
is apparent from peptide studies but 
presumably not accessible in the intact 
protein. To some extent studying the 
recognition requirements of protein ki- 
nases with hi^ly restricted spedfidty 
ranges, such as phosphorylase kmase 
and the myosin light-chain kinases, is 
made difficult because of the lack of 
multiple natural phosphorylation site 
sequence for comparisons. This is also 
a problem for the tyrosine kinases. On 
the other hand, the multihmctional 
calmodulin-dependent protein kinases 
have broad specificities and recognize 
the motif RXXS*X in both proteins and 
peptide substrates". The specificity 
requirements of the other members 
of the calmoduliiKlependent protein 
kinase family are bdng exjrfored in sev- 
eral laboratories. 

Protdn kinase C has been the subject 
of numerous substrate specificity stud- 
ies. The Initial studies were carried out 
on brain enzyme which consists of 
multiple isoenzymes. All protein kinase 
C preparations have a requirement for 
basic residues but there can be consid- 
erable variation in the juxtaposition 
and choice of Arg over Lys around the 
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phosphor^ation site. Synthetic pep- 
tides containing the motif XRXXS*XRX 
tend to be the best substrates and 
indeed this arrangement is present in 
the pseudosubstrate autoregulatory 
region of the enzyme (see bdow). With 
the availability of individual recom- 
binant isoenzymes of protein kinase C, 
Parlter and his colleagues are exploring 
the basic residue requirements of the 
individual isoenzymes. 

The spedficity and recognition sites 
for the cyclic nucleotidfrdependent pro- 
tein kinases have been extensively stud- 
ied (reviewed in Ref. 5). For the cAMP- 
dependent protein kinase, the most typi- 
cal motif is RRX$*X but RXS*X and 
KRXXS*X are also encountered. The 
phosphorylation site sequence RRS* 
occurs in both cardiac troponin and 
honnon&«ensith/e lipase, but limited 
synthetic peptide studies indicate that 
the Arg adjacent to the SerC) is less 
important than the second Arg. There is 
also evidence from synthetic peptide 
studies that more distal Arg residues on 
the amino-tenninal side may have a 
posith/e influence. Indeed the heat- 
suble inhibitor (Walsh inhibitor) of this 
enzyme has the pseudosubstrate motif 
GRTGRRNA*! with Ala occupying the 
equivalent of the Ser phosphate accep- 
tor site. In scanning sequences for 
cAMP-dependent protein kinase sites 
the search pattern is RXS*, then RRXS* 
or KRXXS*. and not S*XR as the car- 
boxy-terminai basic residue tends to be 
deleterious. The only known examples 
of RXS* motifs where X is not Arg are 
exogenous substrates phosphorylated 
in vitro. The sites phosphorylated in 
vivo by the cAMP-dependent protein 
kinase all contain multiple adjacent Arg 
residues in the arrangements RRXS* or 
RRS', with two having the latter motif. 
A hydrophobic residue is often, but not 
exclusively, found after the Ser. While 
the yeast cAMP-dependent protein 
kinase specificity differs in several 
respects, the fact that It can be comp- 
lemented by the mammalian enzyme in 
yeast suggests that the differences do 
not override the natural function. 
Recognition site specificity of the 
cGMP-dependent protdn kinase has 
been studied In detail by Glass and his 
colleagues^. FVom model peptide stud- 
ies, there is evidence for a requiremoit 
for an Arg located on the carboxyterml- 
nal side of the phtwphoryiated residue 
in the sequence S*R or T*R; however 
this is not an absolute requirement as 
the enzyme has been shown to phos- 
phorylate sites without this motif. The 
344 
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Table I. Protein kinase phospfiorylatlon sfta motlfe 



Protein krnase 




i<ets 


Sofbw did tfif'Bociloff khi890s 

Ptwsphorylase kinase 


KRKQIS'VR 


Chart" 


- Myosin light chain kinase 
[smooth muscle) 
Myosin Gght chain kinase 
(skeletal muscle) 


XXKRXXRXXS'X 


Kemp? 


Mh^t>4 heavy <^ kinase 


KXXS'XorRXTx 


Brzeska" 


CalmodullrKlependeni 
pfotein kinase) 


imJlRLS'DSNF 


CzemiK" 


Muitiflinctional calmodulir^ 
dependent protein kinase It 


XRXXS'X 




CalmodufinKlependent 

□mtein Ittnase III 

pVWOI4l MIKHV III 


rWUtl KrT Ul KK 


Nairn" 


cAMP-dependent protein kinase 
(msmmalian] 
(yeasQ 


XRHXS'X 
XRRXS^X 


Zetterqvist^ 


cGMFkfependent protein kinase 


XS*RX 




Protein kinase C (a, 0, y) 


XRXXS'XRX 


Graff^ ■ 


S6 kinase El 


XRXXS'X 


Effltsonr* 


dsRNA<leDendent kinase nnfifl 


otL9 KK 


Colthurst" 


dsOMAdependent kinase 


PEET*OT*nOflPMFPPP 


LeesAiiiier^ 


Protease activated kinase 1 & 11 




wettenh^' 


Cell cvde kinase cdo-2S. MPF 


aIw r\ Or KM rA 


Langan" 


ProJlne-dependent protein kinase 


n« rn \U At rA 




Growth factor regulated kinase 




Countawy^ 


Casein kinase 1 


XS(P)XXS*XorXEXXS*X 




Casein kinase II 


XS'XXEX 


Rnna* 


Mammary gland casein kinase 


XS'XEX or XS'XSfPlX 


Pinna^ 


Glycogen synthase kinase-3 


XS*XXXS(P)X 


ROl^ 


AMPwtivated protein kinase 
(acetyl CoA csrtxixylase kinase) 
(HMGCoA reductase kinase) 
(hormone sensitive lipase kinase) 


MRSSMS'GLHL 

MIHNRS'KIIVL 

MRRSVS*EAAL 


Hardie^i 



I 

precise requirements are insufficiently 
clear to allow cGMPndependent protein 
kinase phosphorylation sites to be con- 
fidently identified by scanning amino 
add sequences alone. 

As earty as 1970 Rlbadeau-Dumas et 
oL^ made correct predictions about the 
specificity requirements of the casein 
tdnase from the mammary gland Golgi 
apparatus GS*XE or S*XS^) based on 
the sequence of the poiyphosphoryl- 
ated region in casein. Casein Idnase II 
specificity has been studied extensive- 
ly, In particular tn the laboratories of 
Pinna and Krebs. This enzyme has a 
very widespread distribution and recog- 
nizes the motifs S*XXE and S*X)ffi(P). 



Not every site conforming to the motif 
Is phosphorylated, casein kinase n 
phosphorj^ates Serl7 and not Serl8 In 
the peptide from P casein A^ ESLSSSEE 
(nos 14-21), On the other hand, the 
mammary gland enzyme phosphoryi- 
ates SerlS and not Serl? in this 
sequence. Casein kinase I and II have 
been shown to participate In hierarchai 
phosphorylation reactions by several 
groups. Roach and his colleagues found 
that prior phosphorylation of glycogen 
synthase by cAMP-dependent protein 
kinase at SerT caused casein kinase I to 
phosphorylate SerlO, whereas phos- 
pborylaUon of glycogen synthase by 
casein kinase D provides the reco^iition 
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Table L Protein kfatase phosphorytatlon aha mottfa (corrtinoed) 











S*MSOPGVS*YRYGMGTS*VE 




Branchecf chain otketoacid 
(tehydrogenase kinase 


GHHS'TSDO and SYRS'VDE 


Paxlon^* 




t VI S*RR 


nuuuuu 


Endogenou& elME kinase 


KNDKS'KtWQ 


RycWik» 


ntsione n4 Kinase i 


viiKia w-u 


till, i,UjM,|,|u5 

masaraccnia^ 


U tcf nna UA VlnacA II 
niMOnc rVI KHiaSc II 




Masaraccrua 


Isocitrate <le^y(t^)genas6\ 
kinase (£ co/O 


GIRS'LNVAIA 


Thorsness^ 


(MdrenerE^ receptor k^ase 


GYS'S*NGNf6E0S*G(X)jiiG 

•TeDCXfeGT'VPS'DNIDS'QpCb 

S*T*NOS*a 


Hausdorff^ 


Rhotfopsin kinase 


DEAS*T'T*VKTETS*QVA 


Palczewski* 


Tropomyosin tdnase 


DNALNDrT5'L<»0H 


^tscn** 


Tyrosbw ktnases 

p60^ 


RUEDNEr'TARQGAK 


Geahlen^ 


p56** 


ruedneyTaregak 


Geahlen^ 


p40ti>rmr» 


PEEDGERY'OEDEE 


Geahlen^ 


p85»*» 


REEAOGVY'AASGGIA 


GeaWen* 




RKIEDNEY'TAREGAK . 


Geahlen^ 


pl20«*' 


EEKET'HAE 


Geahlen^ 


E<y receptor 


TAENAEVmVAP 


Geahlen* 


InsuHn receptor 


TRDIY'ETDY'Y'RK 


Geahlen^ 


p75** 


DRVY\W>F 


Geshlen' 


Spleen tyrosine kinase 


edaey'aarrrg 


Geahten^ 


* R. E. H. VitetteNiafl and N. Morrice, unpubTtshed. 



Ser(7) for glycogen synthase kinase^. 
This enzyme recognizes the motif 
XS'XXXSOEOX. It is of interest that all 
four of the Ser/Thr kinases studied that 
utilize Glu or Asp as specificity determi- 
nants also recognize Ser(P)- There are 
also examples where phosphorylation 
at one site by a particular protein 
kinase can suppress the phosphoryl- 
ation of a nearby residue by another pro- 
tein kinase. The nearby phosphoryl- 
ation sites in the hormone sensitive 
lipase. MRRSVSEA (nos 560^67) exhib- 
it this behaviour with mutually exclu- 
sive phosphorylatfon'^ by the cAMP. 
dependent protein kinase (Ser563) and 
calmodulin-dependent protein kinase n 



(Ser56S). It seems likely that examples 
of hlerarchai phosphorylation vol] 
become more frequent as the specifici- 
ties of additional protein kinase are 
studied. So far hlerarchai phosphoryl- 
ation has been observed between neart>y 
phosphorylation site sequences, as wdl 
as over distances of 25 residues in the 
case of the regulatory subunit Rg phos- 
phorylation tyy casein kinase n and 
glycogen synthase kinase-3; it is poss- 
ible that even more distant interactions 
Invoking higher orders of structure 
may occur. 

The recognition sites for a nuinl>er of 
tyrosine protein kinases have t>een 
examined. Inspection of the known 



phosphorylation sites indicates that 
acidic residues are often located near 
the tyrosine phosphate acceptor site 
and their importance has been demon- 
strated with model pq)tides in several 
Instances. In general, few natural sub- 
strates (excluding autophosphoryl- 
ation) have been reported for tyrosine 
protein kinases and this has meant that 
we have not had the benefit of compari- 
sons. In summarizing our knowledge of 
tyrosine phosphorylation site motifs, 
Geahlen and Harrison' noted: 'Ob- 
servations drawn from the study of syn- 
thetic peptides have frustrated efforts 
to clearly define primary structural 
determinants that are invohned in the 
recognition of substrates by tyrosine 
kinases. It is perhaps some consolation 
to investigators of tyrosine kinase sub- 
strate specificity that not all peptides 
containing tyrosine residues are sub- 
strates*. Clearly some fresh approaches 
are required. 

Phosphorylation site motils 

The progress in recognizing specific 
phosphorylation site motifs for many 
protein kinases has led to the expec- 
tation of being able to scan protein 
sequences and identify phosphoryl- 
ation sites for given protein kinases. 
However, considerable caution is 
required as there are too many excep- 
tions at present to accept the phosphor- 
ylation site motifs listed in Table I as 
'canons' of recognition. We do not know 
precisely which nominal specificity 
determinants actually have correspond- 
ing residues in protein kinase active 
sites and which just favour an optimum 
conformation. Hopefully this dilemma 
will be short lived with the imminent 
solution of the X-ray structure of the 
cAMP-dependeit protein kinase com- 
plex with substrate and inhibitor pep- 
tides. Phosphorylation site sequence 
studies such as those made by Cohen 
and his colleagues have been of enor- 
mous value in contributing to our 
knowledge of protein kinase specificity 
and the development of the concepts of 
recognition motifs, but their most 
enduring value is in answering the diffi- 
cult question of which sites are actually 
functionally significant in oivo. 
Structures resembling protein kinase 
phosphorytatton site motife also play 
an important role hi the regulation of 
protein kinases. These structures, called 
pseudosubstrate prototopes, are lo- 
cated in the regulatory domains of pro- 
tein kinases and are responsible for 
maintaining protein kinases in inactWe 

345 



MAR 02 2004 18:07 FR CISTI ICIST 



613 952 9303 TO 17188899320 P. 07 



forms^. The pseudosubstrate sequences 
typically contain an alanine in place of 
the serine or threonine found In the 
phosphorylation site motiis. For protein 
kinase C, the pseudosubstrate sequence 
occurs between residues 19 and 31, 
RFARKGA^LRQKNV. whkh resembles 
the substrate motif RXXS^XR (Table I) 
with Ala25 in place of the phosphate 
acceptor site. In this case, acth^tion of 
protein Idnase C by binding of diacyl- 
glycerol is thought to induce a confor- 
mational change that ranoves the pseudo- 
substrate structure from the actree site 
allowing access to substrates. One can- 
not fail to be impressed with the way 
nature has utilized the same features 
responsible for substrate recognition to 
regulate these important enzymes. 
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L SUMMARY 

Regulation of various metabolic processes occurs by 
the phosphorylation/dephosphorylation of enzymes. 
Both the protein kinases that catalyze the phos- 
phorylations and the protein phosphatases that cata- 
lyze the dcphosphorylations display relatively broad 
specificity, reacting with a number of distinct sites in 
target enzymes. In this way changes in the activity of 
a particular kinase or phosphatase caiTbause coordi- 
nated and pleiotropic responses. However, the 
kinases and phosphatases do not exhibit a one-to-one 
cofrespondenoe in their reactions. Residues at 
different positions may be phosphorylated by a single 
kinase, yet dephosphorylated by different individual 
phosphatases. Conversely, sites which are substrates 
for different individual kinases may be de- 
phosphorylated by a single phosphatase. In exploring 
the molecular basis for these differences this article 
shows that whereas kinases react with specific pri- 
mary structures that oftentimes appear as beta bends, 
the phosphatases recognize higher order structure, 
less strictly ruled by amino add sequence sur- 
rounding the phosphorylated site. The differences, 
seen in the ability of these enzymes to utilize synthetic 
peptide substrates, might be rationalized in terms of 
function. Kinases need protruding segments of struc- 
ture that can be enwrapped to exclude water, thereby 
minimizing ATP hydrolysis and enhancing phos- 
photransferase activity. On the other hand phos- 
phatases arc hydrolytic enzymes that may operate 
especially well on protein interfaces. Hydrolytic ac- 
tion often measured with p-nilrophenylphosphate is 
not necessarily indicative of a protein phosphatase 
and consideration of the mechanism reveals why this 
substrate can be misleading. Recognition of protein 
substrates by different, but overiapping, structural 
features separates the protein kinases and phos- 
phatases and allows for precise control of the extent 
of phosphorylation of each site in target proteins by 
distinct pairs of interconvertcr enzymes. 

n. SUBSTRATE SPEaFlCITV OF 
PROTEIN KINASES 

(a) Protein SerJThr kinases '~ 

During the past decade reversible phosphorylation 
of proteins has been recognized as an important 
mechanism by which many cellular metabolic activ- 

*Aulhor to whom correspondence should be addressed. 



itics arc regulated. Studies have focused on the 
properties of two types of protein kinases; those 
which phosphorylate serine or threonine residues and 
those which phosphorylate tyrosine residues (see 
reviews Krcbs and Bcavo, 1979; Hunter and Sefton, 
1982). Protein Scr/Thr kinases can be further 
classified into 3 subgroups according to the allosteric 
modifiers which regulate their activity. Of these 
groups. cAMP dependent protein kinase was the first 
to be classified and subsequently, cGMP and 
Ca^^ycateiodulin dependent protein kinases have also 
been characterized (Krcbs and Beavo, 1979). 

Initially, investigators were puzzled by the appar- 
ent lack of specificity of the protein kinases. For 
instance, the cAMP dependent protein kinase phosr 
phorylated a variety of substrates including glycogen 
synthase, histonc HI, the troponin inhibitory subunit 
and both the alpha and beta subunits of phos- 
phorylase kinase (Soderling and Park, 1974). These 
protcms have quite different amino add sequences 
and presumably unique tertiary structures. The 
prindpal features of the substrates responsible for 
determining kinase spedfidty remained an enigma 
until an imporunt clue was provided by the obser- 
vation that native chicken lysosymc, a poor substrate 
for the c-AMP dependent protein kinase, was rapidly 
phosphorylated subsequent to denaturation (Bylund 
et d„ 1975). Similariy, treatment of pyruvate kinase 
with strong base resulted in dramatic increase in the 
rale of its phosphorylation (Humble et al., 1975). 
Thus, most investigators surmised that although 
there were primary structural determinants that 
would bind to the protein kinase, these were masked 
by other segments of the protein in the tertiary 
structure. 

The importance of the amino add sequence in 
determining substrate spedfidty of protein kinases 
has been demonstrated by a variety of approaches, 
ExperimcnU using genetic variants of casein and 
peptide analogues of portions of the sequences sur- 
rounding phosphorylated residues of natural sub- 
strates have proven to be most illustrative. For 
instance, substitution of arginine for serine residue 
122 in a variant of beta casein produced a 70-foki 
increase in the rate of phosphorylation at serine 124 
(Kemp et al„ 1975). Thus, a single amino add 
substitution can have a dramatic impact on 
spedfidty. 

Use of synthetic peptides has been of great im- 
portance in identifying which residues are crudal for 
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substrate recognition. For example, the peptide 
Leu-Arg-Arg-Ala-Ser-Lcu-Gly, an analogue of the 
sequence surrounding the phosphorylation site in 
pyruvate kinase served as a substrate for c-AMP 
dependent protein kinase with an apparent of 
16 mM (Kemp aU 1977). However, substitution of 
valine for cither of the arginine residues, resulted in 
over a 100-fold increase in K„ (Kemp et ai, 1977). 
These and other results have shown that arginine 
residues preceding the site of phosphorylation arc 
important specificity determinants for protein 
Ser/Thr kinases. 

Peptides corresponding to the phosphorylation site 
in phosphorylase b have also been used to investigate 
the role basic arid hydrophobic residues play in 
determining the specificity of phosphorylase b kinase, 
a calcium dependent enzyme. Substitution of valine 
for the lysine three residues amino terminal to the 
phosphorylated serine resulted in a five-fold decrease 
in K^. Thus, in some cases, positively charged 
residues other than arginine function as key 
specificity determinants (Tessmcr et aU 1977). When 
hydrophobic residues adjacent to the phosphorylated 
serine were replaced by glycine (Tessmer et al., 1977) 
or glutamic acid (Viriya and Graves, 1979) there was 
a two-fold increase in the apparen?X^ values. Thus, 
hydrophobic residues adjacent to the phosphorylated 
serine are also important for the correct alignment of 
enzyme and substrate. Perhaps these hydrophobic 
residues facilitate the transfer of phosphate from 
ATP to protein by excluding water from the active 
site. 

Does higher order structure of the substrate play a 
role in its recognition by kinases? Several studies 
indicate that regions of secondary structure of the 
substrate may act as important specificity deter- 
minants. Of thirty phosphorylated sites in proteins 
examined, twenty four of them were located in re- 
gions suspected to be beta turns (Small et aJ.^ 1977). 
Thus, it was suggested that beta turns serve as 
important recognition sites for kinases. A subsequent 
study by Graves et a/. (1978) supports this con- 
tention. When the peptide Leu-Ser-Tyr-Arg-Gly- 
Tyr-Scr-Leu was incubated with phosphorylase 
kinase or cAMP dependent kinase, serine 2 was 
phosphorylated by the former enzyme whereas serine 
7 was phosphorylated by the latter one. This peptide 
contains the sequence Tyr-Arg-GIy-Tyr which 
forms a beta turn adjacent to the phosphorylated 
serine in heat denatured lysosymc. Graves et al 
suggest that each kinase recognizes and binds to 
different sides of the beta turn which is presumably 
formed by the octapeptide. 

In summary, the primary structure of the protein 
substrate plays a vital role in determining the 
specificity of these protein Ser/Thr kinases. 
Specifically, phosphorylation occurs on residues that 
are preceded by two or three basic amino acid 
sidcchains. In many cases the phosphorylated residue . 
is immediately surrounded by hydrophobic residues 
which presumably enhance" phosphorylation by ex- 
cluding water from the active site and promote 
correct alignment of substrates. It appears that beta 
turns of protein substrates, and thus secondary struc- 
ture, plays an important role in recognition of the 
phosphorylatable residue by the kinases. 



(b) Protein Tyr kinases 

Over the last five years a second class of kinases 
specific for tyrosine residues has been discovered. 
Initially, phosphorylation of tyrosine was an activity 
associated with retroviral transforming proteins (sec 
review Hunter and Sefton, 1982). More recently 
investigations have revealed that receptors for mito- 
genic hormones such as EGF. PDGF, and insulin 
phosphorylate themselves or exogenously added pro- 
teins on tyrosine residues upon binding their re- 
spective ligands (Ushiro and Cohen. 1980; Frackelton 
et al., 1984; reviews by Cobb and Rosen, 1984; Hcldin 
and Wcstermark, 1984). Preparations of membranes 
containing these kinases have been employed to 
phosphorylate tyrosine residues in a wide variety of 
proteins and peptides including myosin light chains, 
bovine serum albumin, casein, histone and Val 
5 angiotensin (Gallis et al, 1983; Shriner and 
Brauiigan, 1984; Sparks and Brautigan, 1985; Wong 
and Goldberg, 1983; Fouikes ei al, 1983). 

The leactivity of the protein Tyr kinases with a 
wide range of proteins is reminiscent of the situation 
with the protein Ser/Thr kinases. Again, primary 
structure of the substrate plays an essential role in 
determining the specificity of the protein Tyr kinases. 
Analysis of the sequence surrounding the phos- 
phorylated tyrosine in pp60*^, the transforming pro- 
tein produced by Rous Sarcoma Virus, r«vcaled that 
several acidic sidechains precede the phosphorylated 
residue. In fact, comparison of pp60^ with 
p90, another viral oncogene product, reveals a 
striking homology in the sequence surrounding the 
phosphorylated residue (Hunter, 1982). Thus, in 
contrast to the protein Ser/Thr kinases, protein Tyr 
kinases phosphorylate residues preceded by acic^c 
sidcchains. 

Studies employing peptide analogues of the se- 
quence surrounding the phosphorylation site in 
pp60" have confirmed the importance of acidic side- 
chains . as specificity determinants for tyrosine 
kinases. For example, the peptide Lys-Leu-Ile-Olu- 
Asp-Asn-<51u-Tyr-Thr-Ala-Arg served as a sub- 
strate for the transforming protein of Rous Sarcoma 
Virus with an apparent K„ of 5 mM. Deletion of Glu 
at position 4 results in an 8-fold increase in the 
apparent K„ value (Hunter, 1982). 

Recently it was observed that when myosin light 
chain 20 (M,- 20,000) is incubated with the 
EGF/receptor kinase, Tyr 142 and Tyr 155 are 
phosphorylated with a stoichiometry near I mole of 
"P per mole of protein. However, residue 142 was 
phosphorylated three times faster (Gallis etaL 1983). 
Inspection of the sequence surrounding each tyrosine 
reveals that several acidic residues are located 2-3 
positions amino terminal to tyrosine 142 whereas 
there are no acidic sidechains in the sequence sur- 
rounding tyrosine 155 (Maita etai., 1981). 

What role does tertiary structure of the substrate 
play in determining protein Tyr kinase specificity? An 
observation in our laboratory indicates that it may 
restrict the kinase from potential sites, just as was the 
case for the c-AMP dependent kinase. We found that 
when reduced and alkylated serum albumin was 
incubated with the EGF/receptor kinase and 
(*/-^^-ATPl, nearly all of the radioactivity was incor- 
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porated into one tryptic peptide fragment, as revealed 
by reverse-phase HPLC mapping. However, when the 
albumin was digested with trypsin prior to phos- 
phorylation by the EGF/receptor kinase, more than 
six peptides contained substantial amounts of radio- 
activity. Apparently portions of the tertiary structure 
mask specificity determinants contained in the amino 
add sequence of the substrate, so the kinase only 
reacts with sites fully exposed on the surface. 

Since the in vivo substrates for protein Tyr kinases 
continue to elude identification, most researchers 
have used artificial substrates in vitro^ and the extent 
of phosphorylation is usually quite low. Thus, cau- 
tion must be exercised when interpreting these results. 
However, it is intriguing that protein Ser/Thr kinases 
are specific for residues preceded by basic sidechairis 
whereas protein Tyr. kinases display a preference for 
residues preceded by several acidic sidcchains. 

Although the amino acid sequence surrounding the 
phosphorylated residue is an important specificity 
determinant for both types of protein kinases^ it must 
be emphasized that primary structure alone does not 
determine overall reactivity. In many cases the appar- 
ent K„, values for peptide analogues are 10- to 
lOOO-fold higher than those for protein substrates 
with more extensive tertiary strucWre. For example, 
c-AMP dependent protein kinase phosphorylatcs tro- 
ponin with an apparent of 21 ^iM. However, the 
K„ for the phosphorylation of a peptide correspond- 
ing to the phosphorylation site in native troponin is 
23U0nM, approximately 100-fold higher (Kemp, 
1979). Some of this difference can be attributed to the 
limited number of conformations possible for a seg- 
ment of polypeptide in an intact protein, compared to 
one in solution. Nonetheless, features of the substrate 
structure other than the sequence of amino acids 
immediately surrounding the phosphorylated side- 
chain play a role in determining the specificity and 
reactivity of protein kinases. 



in. SUBSTRATE SPEClFICmT OF THE 
PHqTElN PHOSPHATASES 

(a) Protein Ser{P)IThr{P) phosphatases 

In contrast to the protein kinases much less is 
known about protein phosphatases. One reason for 
the lack of concrete data is that until very recently 
most protein phosphatases have not been dis- 
tinguished from one another by useful functional 
criteria and therefore have remained poorly charac- 
terized. Another factor which contributes to the 
complexity of the field is that protein phosphatase 
activity is assayed under a variety of conditions with 
different phosphoprotein substrates. In fact, the num- 
ber of different assays for phosphatase activity has 
generated confusion in the field. 

As with the protein kinases, protein phosphatases 
can be grouped according to their specificity. There 
are two classes of cellular protein phosphatases; those 
specific for Scr{P) and ThT(P) residues, and those 
specific for Tyr(P) residues. Acid and alkaline phos- 
phatases which display an extremely broad specificity 
for phosphoesters, also display protein phosphatase 
activity. 

Once the specificity of the protein Scr/Thr kinases 



was elucidated, researchers began to focus their atten- 
tion on the protein Ser(P) phosphatases. Although 
cellular Ser(P) phosphatase activity was initially ob- 
served over 40 years ago (Cori and Greene, 1943) 
progress on characterizing the enzymes responsible 
for this activity has been unusually slow. 

Ingebritscn and Cohen (1983) have adopted a 
system which is useful for classifying cellular protein 
Ser(P) phosphatases. According to their scheme there 
are two types. Type 1 phosphatases preferentially 
dephosphorylate the beta subunit of phosphorylase 
kinase and are inhibited by «anomolar concen- 
trations of inhibitor 1 and inhibitor 2, two heat stable 
proteins. In contrast to the type I phosphatases, type 
2 phosphatases preferentially dephosphorylate the 
alpha subunit of phosphorylase kinase and are insen- 
sitive to the action of inhibitors 1 and 2. 

Initial studies demonstrated that protein Scr(P) 
phosphatase purified from rat liver displayed an 
optimal activity at pH 7.5 and was able to de- 
phosphorylate phosphopyruvatc kinase and phos- 
phoprotamine with apparent K„ values of 27 and 
34 ^iM, respectively (Titanji, 1977). In contrast to 
acid or alkaline phosphatases this same preparation 
was unable to dephosphorylate beta glycero- 
phosphate or d/l phosphoserine (Titanji, 1977). Thus 
. it appears as if protein Ser(P) phosphatases require 
the structure provided by a polypeptide substrate. 

Subsequent studies with peptides corresponding to 
the phosphorylated site in pyruvate kinase revealed 
that the rat liver phosphatase was able to de- 
phosphorylate phosphopcptidcs. However, the ap- 
parent values for the peptides were 2- to 20-foId 
higher than those for the native protein, confirming 
that protein SerCP) phosphatases prefer protein sub- 
strates. In addition, when glutamic acid was substi- 
tuted for the carboxy terminal glutamine in the 
peptide analogues, the apparent K„ values increased 
dramatically. Thus, negatively charged sidcchains 
presumably weaken the binding to the phosphatase 
(Titanji et ai, 1980). 

More recently it has been demonstrated that pro- 
tein Ser(P) phosphatases types 1 and 2 can de- 
phosphorylate over twenty different proteins with 
serine and threonine residues phosphorylated by 
eight different kinases (Ingebritscn and Cohen, 1983). 
Although most of the substrates contain several basic 
residues preceding the phosphorylated sidechain, 
thereby making them suitable substrates for the 
kinases, it does not appear as if positively charged 
residues act alone as specificity determinants for the 
phosphatases. This notion is supported by the oteer- 
vation that protein Ser(P)/ThrtP) phosphatases de- 
phosphorylate Ser(P) myosin light chains. Inspection 
of the sequence surrounding the phosphorylated 
serine revealed that there are no basic residues in 
close proximity to the phosphorylated sidechain. 
Another intriguing observation is d»at both types of 
phosphatases dephosphorylate glycogen synthase 
sites 3b and 3c, two sites containing no basic side- 
chains imnoediately preceding the phosphorylated 
residues. However, the dephosphorylation at these 
sites was one tenth that of the dephosphorylation of 
phosphorylase kinase (Ingebritscn and Cohen, 1983). 
These results indicate that primary structure may not 
be as crucial for determining specificity for phos- 
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phatascs as it is for kinases. However, elements of 
primary structure may impair substrate reactivity. 
For example, relative to the alpha and beta subunits 
of pbosphorylase kinase, glycogen synthase site 5 is 
a 100-fold less reactive with protein Ser(P)/Thr(P) 
phosphatase types 1 and 2. This site is unique in that 
the phosphorylated serine is immediately followed by 
5 acidic residues (Cohen et al, 1982; Ingebritsen and 
Cohen. 1983). This observation confirms earlier ob- 
servations by Tilanji ef al, (1980) that acidic residues 
carboxy terminal to the phosphorylated sidechain 
may act as negative specificity determinants. 

In sununary, protein Ser(P)/Thr(P) phosphatases 
exhibit a broad specificity for a variety of protein 
su.hstrates. They apparently recognize both acidic and 
basic proteins with diverse sequences. In contrast to 
the kinases, protein Ser(P) phosphatases do not 
display an absolute requirement for basic residues 
preceding the phosphorylated serine. Thus, 
phosphorylation/dcphosphorylation at a site in a 
protein substrate might be catalyzed by a distinct 
kinase/phosphatase pair. Another site phos- 
phorylated by the same kinase, because of its same 
primary structure, might be dcphosphorylated exclu- 
sively by a different phospt^^tase (Fig. I). This dis- 
tinction may have contributed to the lack of under- 
standing of phosphatase specificity and the failure to 
assign useful functional classifications to phos- 
phatases in the past. It appears that elements of 
tertiary structure of the substrate play a critical 
role in recognition by the phosphatases. It is 
important to emphasize that while protein 
Ser(P)/Thr(P) phosphatases are reactive with both 
phosphoproteins and phosphopeptides, they have not 

kinases 




phosphatases 

Fig. 1. Spedfidty of protein kinases and phosphatases. The 
reactivity of kinases A, B and C (lop) and phosphatases A 
and B (bottom) with a number of individual protein sub* 
strate sites, 1 through S, is indicated by the lines. This figure 
sdicmatically shows bow these enzymes have broad 
spedfictty, ^ do not display a one-to-one correspondence 
in their reactivity. In this way changes In the activity of 
cither a kinase or phosphatase would produce distinct 
metabolic effects. Presumably the molecular basis for this 
pattern is that kinases and phosphatases use different but 
overlapping structural features of the substrates for recog- 
nition. The examples used in this figure are kinase A, myosin 
light chain kinase; kinase B. cAMP-dcpendent protein 
kinase; kinase C pbosphorylase kinase; phosphatase A. 
type-2 and B, type-1 according to Ingebritsen and Cohen. 
Substrates are: I, myosin tight chains; 2, phosphorylase 
kinase alpha subunit; 3, phosphorylase kinase beta subunit; 
* 4, glycogen synthase; 5, phosphorylase. 



been found to dephosphorylate small phosphorylated 
metabolites such as d/l phosphoserine and 
^-glycerophosphate. 

(b) Protein Tyr{P) phosphatases 

Shortly after the discovery of protein tyrosine 
kinases, several laboratories including our own set 
out to purify protein Tyr(P) phosphatases. Recently, 
cytosoHc protein Tyr(P) phosphatase activity from 
extracts of chicken brains was characterized. The 
major activity was eluted from a DEAE column at 
145 mM NaO, had an apparent molecular weight of 
43,000, displayed optimal activity at pH 7.0 and was 
inhibited by micromolar concentrations of Zn'*^. 
Relative to bovine intestinal alkaline phosphatase, 
chicken brain protein Tyr(P) phosphatase was nearly 
3000 times more reactive with phosphocasein than 
with para -nitrophenylphosphate (Foulkes et a/„ 
1983). 

Using Zn^^" agarose affinity chromatography fol- 
lowed by DEAE-Sepharose chromatography, two 
types of protein Tyr(P) phosphatases were purified to 
near homogeneity from rabbit kidney. Protein Tyr(P) 
phosphatase peak I displayed optimal activity at 
pH 7-0 and required mercaptans for activity. In con- 
trast the peak II phosphatase displayed optimal 
activity at pH 5.0 and did not require mercaptans for 
activity (Shriner and Brautigan, 1984). Both enzymes, 
however, displayed parallel substrate specificity. For 
instance protein Tyr(P) phosphatases were unreactivc 
vnth Ser(P) proteins but dephosphorylated Tyr(P) 
albumin and Tyr(P) casein with apparent K„ values 
ranging from 2.2 to IS/jM (Sparks and Brautigan, 
1985). In addition, both phosphatases were able to 
dephosphorylate Tyr(P) EGF receptors in prepara- 
tions of A431 membranes. Surprisingly, TyrfP) his- 
tone, a basic protein, was not dephosphorylated by 
either enzyme (Sparks and Brautigan, 1985). Further- 
more, protein Tyr(P) phosphatases were not able to 
dephosphorylate Tyr(P) angiotensin and with Tyr(P) 
RR-src, a peptide analogue of the phosphorylated 
site in the transforming protein pp60", less than 12% 
of the phosphorous was removed from the peptide by 
either enzyme. 

At this point, it is interesting to note that all the 
Tyr(P) proteins which serve as substrates for. these 
phosphatases have acidic isoelectric points. Thus, it 
appears as if protein Tyr(P) phosphatases recognize 
acidic substrates and require some defined tertiary 
structure. 

(c) Acid and alkaline phosphatases 

The final group of phosphatases that must be 
discussed because of their reactivity with protein 
substrates were initially characterized in the 1930*s. 
In spleen extracts, investigators observed a phos- 
phatase activity which could hydrolyze 
P -glycerophosphate as well as several alkyi phos- 
phates. This phosphatase activity displayed optimal 
reactivity at both pH 4.8 and 9.0 and the enzymes 
responsible for the observed hydrolysis were classified 
as acid and alkaline phosphatase^ respectively 
(Davics. 1934). 

Since then a great deal has been learned about 
alkaline phosphatase present in a variety of mam- 
malian tissues. There are two classes of mammalian 
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alkaline phosphatases; those which require Zn^* and 
are stimulated by Mg^* and those which require 2n^* 
and are unaffected by other divalent metals (Cathala 
and Brunei, 1974). 

Both classes of alkaline phosphatases have similar 
specificities. They display an optimal activity between 
pH8 and 10 and are able to dcphosphorylate a 
variety of small molecules including p- 
nitrophcnylphosphatc. For instance, it has been dem- 
onstrated that bovine kidney alkaline phosphatase 
dephosphorylates a-naphthylphosphate, glucose 
1 -phosphate and ^-glycerophosphate with apparent 
K„ values of 1.8, 128 and 68 pM, respectively 
(Cathala and Brunei, 1974). These values contrast 
the millimolar K„ values observed with peptide 
substrates for protein phosphatases. 

More recently, investigators have revealed that 
mammalian alkaline phosphatases are able to de- 
phosphorylate a variety of Ser(P) and Tyr(P) pro- 
teins. One study revealed that placental alkaline 
phosphatasie dephosphorylates Ser(P) histone and 
Ser(P) protamine with apparent values of 10 and 
5 ^M, respectively (Huang et ai, 1976). A subsequent 
study revealed that both calf inl^tine and bovine 
hver alkaline phosphatase preferentially dcphos- 
phorylate Tyr(P) histones relative to Ser(P) histones 
(Swamp et al., 1981). 

The three classes of cellular phosphatases can be 
distinguished by the effects of compounds that selec- 
tively inhibit enzyme activity. Thus, specific in- 
hibition may be a useful criterion for enzyme 
identification. Several studies have shown that 
protein Ser(P)/Thr<P) phosphatases are inhibited by 
millimolar concentrations of ATP and GTP (Krebs et 
ai, 1976; Hsiao, 1978), inorganic pyrophosphate 
(Khandelwal and Kamani, 1980; Yan and Graves, 
1982) and fluoride (Khatra and Sodcrling, .1978). In 
contrast to the protein Ser(P)/Thr(P) phosphatases, 
the protein Tyi<P) ■ phosphatases and the alkaline 
phosphatases are unaffected by fluoride and only 
weakly inhibited by inorganic pyrophosphate. Instead 
protdn Tyr(P) phosphatases are potently inhibited by 
microraolarconcentrations of ortho vanadate (Swarup 
et al.y 1982) or micromolar concentrations of Zn'* 
(Brautigan et al.^ 1981), whereas alkaline phos- 
phatases are inhibited by orthovanadate but require 
Zx^* for catalytic activity (Lopez et ai, 1976; Fcrnlcy, 
1971). In fact, unlike the protein Tyr(P) phosphatases 
which show optimum activity with EDTA, the 
alkaline phosphatases arc inhibited by divalent cation 
chelators such as EDTA (Femley, 1971). 

In summary, the three types of phosphatases ex- 
hibit different patterns of inhibition, so inhibitors 
such as Zn^*, vanadate, fluoride and EDTA may be 
useful for classifying a phosphatase under in- 
vestigation. More importantly, inhibition of different 
types of phosphatases by different ions may reflect 
fundamental differences in the structure of their 
respecdve active sites. 

(d) Phosphatase activity and specificity: the special 
case of p-nitrophenyl phosphate 

As interest in phosphatases has intensified, many 
investigators have adopted /^ora-nitrophenyl phos- 
phate (pNPP) as substrate in assays for phosphatase 
activity. Upon hydrolysis of /»NPP, the yellow p- 



nitrophenotate ion is produced. The concentration of 
p-nitrophenolate ions is usually monitored by stop- 
ping the reaction with Na2CO] and measuring the 
absorbance of the solution at 4lOnm. This method 
has been adopted widely as a rapid and sensitive 
colorometric assay for detecting phosphatase activity. 
However, divalent metals are often added to the 
assay mixture in millimolar concentrations (Li, 1979; 
Foulkes et al^ 1983). Analysis of phosphate ester 
hydrolysis reveals that a variety of metals including 
biologically important divalent cations such as Mg'^ 
and Zn^^ enhance the non-enzymatic hydrolysis of 
phosphate esters (Steffins et a/., 1973). In assays for 
phosphatase activity, where both a divalent metal 
and pNPP are present in cquimolar concentrations, 
the effective substrate may be a mctal-/iNPP complex 
which is particularly susceptible to hydrolysis. Under 
such conditions the use of pNPPase activity as the 
sole criterion for classifying a cellular enzyme as a 
phosphatase may lead to erroneous conclusions. A 
brief discussion of phosphate ester hydrolysis is illus- 
trative and useful in addressing the following two 
questions concerning phosphatase spedfldty: (I) Is 
paro-nitrophenyl phosphate hydrolysis a useful 
criterion for the unambiguous classification of 
cellular phosphatases? (2) Is /^NPP hydrolysis an 
inherent activity of all protein phosphatases? 

Early studies of phosphate esters indicated that 
during hydrolysis cleavage occurs at the P-O bond 
and not the C-0 bond. This fact is supported by two 
lines of evidence. First, "O exchange experiments 
with phosphate monoesters revealed that "O is incor- 
porated into phosphate but not into the oxygen of the 
alcohol produced during hydrolysis. Second, there is 
retention of stereochemical configuration of the 
alcohol produced during hydrolysis (Butcher and 
Westhcimer, 1955). These results are consistent with 
a mechanism where the phosphorous undergoes 
nucleophilic attack by water during hydrolysis. 
It is important to note that the phosphate-oxygen 
bond is also cleaved during the hydrolysis of 
^-glycerophosphate by alkaline phosphatases (Stein 
and Koshland, 1952). Alkaline phosphatases display 
a stringent requirement for a tightly bound Zn^^ ion 
at their active sites. Presumably, the metal facilitates 
the hydrolysis of phosphate esters by polarizing the 
phosphorous atom, thereby enhancing its sus- 
ceptibility to nucleophilic attack. 

Another intriguing property of phosphate mono- 
esters is that they are rapidly hydrolyzed under acidic 
conditions but are relatively stable under mild alka- 
line conditions. At pH 8-9 the phosphate dianion is 
the most prevalent species in solution, thus one 
expects that hydrolysis is retarded by simple electro- 
static repulsion between the phosphate and hydroxide 
ions (Westhcimer and Schookboff, 1940). However, 
studies with lanthanum (La) hydroxide gels (Butcher 
and Westhcimer, 1955) have demonstrated that La 
enhances hydrolysis of phosphate esters at pH 8.5, 
condidons where the dianionic form predominates. 
Presumably, La is coordinated with the negatively 
charged oxygens as well as the alkoxide ion of the 
leaving group in a transient intermediate, thereby 
promoting hydrolysis. 

Likewise, with phosphate diesters (Steffins et ai., 
1973) it was observed that biologically important 
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metals enhanced intramolecular hydrolysis. 
Specifically it was observed that Zn^* and Mg^* 
enhanced by 304-fold and 24-fold the rate of 
hydrolysis of -OOC-CH(CH3)COPO,QHj). This 
enhancement was attributed to the stabilization of 
the presumed pentacovalent intermediate • by the 
divalent cation. The phosphodiester was envisioned 
as having a trigonal bipyramid configuration with the 
nucleophilc and leaving group occupying coplanar 
apical positions in the intermediate produced during 
hydrolysis. An elegant study with ^ra-nitro- 
phenylphosphate confirmed that metals do indeed 
promote intermolecular hydrolysis of phosphate 
monocsters. Chelated /7-nitrophcnylphosphatobis 
(trimcthylcncdiarainc) cobalt III was hydrolyzed 
lO'-fold more rapidly than free pNPP at pH 10.2 
(Anderson et ai, 19T7). This rate enhancement was 
attributed to strain relief in the pentacovalent inter- 
mediate generated during hydrolysis. Additional rate 
enhancement may also arise as a consequence of 
charge neutralization. Thus, hydroxide ions or other 
nucleophiles in solution will more readily attack a 
phosphate ester coordinated to a positively charged 
metaj ion than a pbospba^ dianion. 

These kinetic studies of phosphate ester hydrolysis 
provide evidence that metal ions enhance catalysis 
presumably by stabilizing a pentacovalent inter- 
mediate. These results have profound implications 
for phosphatase assays which include divalent metals 
in an alkaline reaction mixture. 

A few additional characteristics of pNF? merit 
further discussion. Relative to the alkyl phosphates 
glucose-6-phosphatc and ^-glycerophosphate, two 
compounds wWch are readily hydrolyzed by alkaline 
phosphatases (Cathala and Brunei, 1975X /JNPP 
releases approximately 2-3 kcal/mol more free energy 
upon hydrolysis. The primary factor contributing to 
the release of more free energy is that a nitro- 
phenolate anion is more stable than an alkoxyl anion. 
This fact is reflected in the relative pA, values for 
PNF and aliphatic alcohols which are 8.5 and c. 15.0, 
respectively. The unusual stability of the p- 
nitrophenolate ion enhances the enzymatic hydrolysis 
of pNPP, for during hydrolysis the nitrophenolate 
ion does not have to be protonated by a conjugate 
acid at the active site of the enzyme. In contrast, alkyl 
phosphates such as protein serine phosphate or glu- 
cose 6-phosphate display a strict requirement for 
enzymatic protonation of the alcohol leaving group, 
an important aspect of the mechanism of hydrolysis 
of phosphate esters by phosphatases. Enzymes which 
are unreactive with alkylphosphates because of their 
inability to protonate the alkoxide ion leaving group 
nonetheless may be able to hydrolyze ^pNPP. 

Taken together, the elimination of the need to 
protonate the leaving group and the acceleration of 
hydrolysis by metal ions, suggest that Mg-/iNPP 
complexes are hydrolyzed rather easily and may be 
susceptible to enzymes that arc unrelated to phos- 
phatases. Therefore one must exercise caution when 
interpreting the results of an assay which relies solely 
on the hydrolysis of /iNPP to detect phosphatase 
activity. In fact, several investigators have observed 
that pNPP can be hydrolyzed by enzymes which are 
distinct from phosphatases in both structure and 
futtctioin. 



As an illustrative example, when 77NPP was 
incubated in Tris buffer, pH 8.S containing lOmM 
pNPP and 10 mM MgClj, hexokinase hydrolyzed it 
with an apparent velocity ranging from 3.40 to 
5.14 nmol/min/mg. However, in a parallel experiment 
without MgOi no hydrolysis was observed. This 
intriguing observation strongly suggests that equi- 
molar concentrations of Mg^"*" ions and ^NPP lead to 
the formation of a complex which is easily hydrolyzed 
by certain proteins in solution. Hexokinase also can 
hydrolyze pNPP at pH 7.0. In HEPES buffer contain- 
ing equimolar concentrations of Mg** and pNPP, 
pNPP is hydrolyzed with an apparent velocity of 
6.6 nmol/min/mg. As in the experiment described 
above, the hydrolysis of pNPP by hexokinase dis- 
played a stringent requirement for Mg^* ions (un- 
published observations). It is important to note that 
the ability of hexokinase to behave as a phosphatase 
under the conditions described above strongly sup- 
ports our contention that millimolar concentrations 
of Mg^* enhance the hydrolysis of pNPP by forming 
a Mg7?NPP complex. This complex is extremely 
labile and may be hydrolyzed by other enzymes in 
addition to hexokinase that are unrelated to the 
phosphatases. Several years ago, Kocster et ai. (1980) 
demonstrated that carbonic anhydrase III hydrolyzed 
;?NPP with an apparent K„ value of 4.17 mM. This 
observation is surprising since Koester et ai. excluded 
metal ions from their assay mixtures. 

As to the second qiwstion, since Mg-pNPP com- 
plexes appear to be so labile and the mechanistic 
requirements for pNPP hydrolysis so lax one might 
expect all phosphatases to readily hydrolyze pNPP. 
However, some but not all phosphatases are highly 
reactive with pNPP. Many investigators have found 
that alkaline phosphatases, enzymes containing 
tightly bound Zn**, rapidly hydrolyze pNPP (Fern- 
ley, 1971). Several recent studies have revealed that 
Tyr(P) phosphatases are also reactive with pNPP. 
For instance, three types of Tyr(F) phosphause 
activity isolated from chicken brain extracts hydro- 
lyze pNPP (Foulkes et al., 1983). In our laboratory 
we have observed that protein Tyr<P) pho^hatases 
purified from rabbit skeletal muscle display a 
/7NPPasc activity. This activity is divalent cation 
independent the assay mixture contains 10 mM 
/7NPP and 2 mM EDTA but no Mg^* (Shriner and 
Brautigan, 1984). The reactivity of protein Tyr(P) 
phosphatases with /^NPP is not surprisiitg since the 
struaure of pNFP resembles that of phos- 
photyrosine. In contrast, the protein Ser(P) phos- 
phatases have much lower reactivity with pNPP 
(Brautigan et al., 1982). 

In summary, /?NFP is much more susceptible to 
enzymatic hydrolysis than alkyl phosphate mono- 
esters. It should not be used alone to classify an 
enzyme as a phosphatase, especially a protein phos- 
phatase, because other unrelated proteins can show 
substantial levels of activity that are potentially 
misleading. Although all protein phosphatases 
might display some level of inherent />NPPase 
activity, the amotmt of activity will be considerably 
different for different members of this family and 
the results strongly dependent on the conditions 
employed, in particular the concentration of divalent 
cations. 
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1; iniTodiic ' ; ^ 

The succ«ssj^;and;wide of ,peptidje substrates for theassay of protein 

Idnases is grpimd&^^^ these ien- 

zyines are, able -to. recognize phqsph sites defined. bytloc^ 

features. with^ prpteins.j ^lthpugh thisj local sequence, specificity 

is not .thejonly, top] ^^e^ 

caseSv.nptabiyprpteinrtyrosm kinases,,it maynpt e 

membeins Vpf the jprotein, 1ciiiase.fam^ phpsphorylate:, short jpeptides^pro- 
ducing jAfeeir natural .phosphpacceptpr J sites. . jThe advantage. . of : , synthetic 
peptidesil cpmpare^^ for kinase assays .and specii&city 

Studiel^mclu^^ y^^. _-,rjUj^.V^K i^.i'j-V:^., W-^.. - . .\- - ■■ ■-■/■.■U. 'M;-^:/.. 

Vtiiey can l)e readily ' 
•-they have k we^^ - i:;: i , ^' rj; : . ' / 

• 'they are'. Teadiiy amenable to chemical modifications 'aimed ^at^^ rendering 
their phosphorylation more efficient, more specific, and easier to tesV^ ^ ' 

However, the' kinetics of peptide phosphoiylatibh compared w of 
the intact protein, and theVrelevance' of . Idckl Structural featiireSj^.areiduite 
variable for different protem kmases; The majpnty of protem-senne/ 
thireoriine-kihases (PSKs) are markedly site specific, and consequently diisplay 
tugh catalytic efficie^^^ peptides^^proyidedjthat^t 
peptides3iiiclu i required' specificity [detenninantso 3TuS:lapprpach yprpf 
vides;a|,tppl"f^brrtaU6ri^ 

as)weU{as; allpw^ activity; The sitej specificity pf^mpst 

;pXpteinV;tyrpsinejk^ 

This-isprGbabl^^^^^ the^sequence^aroun^^^ 

aoc«ptpr sites areimore jimpprtant tor; tyrosine kinases' specificity, especially 
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the presence of protein-protein recognition modules outside the catalytic 
domam, such as SH2, SH3, PTB, and PH domains (reviewed in ref. T) S 

ro^s^owlr,T '° "''"'"P '"'"fi' Peptide substrates for indWiJS 
nl^!i ' P'^^^"' '^''''^^e of their activity using 

pepude substrates, whose kinetic parameters are sometimes compS^I 
the best peptide substrates of PSKs. TTie only shortcoming in these c^sls 
would be that the peptide substrates of PIKs Ire, generally speaS more 
pronuscuous than those of PSKs. TOs does not r^e out Ae'poSiiirof 

st'te Whl°i.i,7:r "frfV^^" than one 'peptide Ib- 

strate_ While it is highly unlikely that an individual peptide wiU be completely 
specie for a given PTK, the activity ratio towards two distinct peptWes can 
still be drastically different for two differemPTKs pepiiaes can 

A small set of highly specific protein kinases display phosphorylation rates 

pisytr" T "^^"^"'^ compLd'with'thr"" 

parent protein and, consequently, peptide substrates are of httle use in these 
cases. Some cataodulin-dependent protein kinases (e.g. cahnodulin de^S 
protem tanase IV , the eIF2a kmases, the G-proteii^upled re^torEes 

eal' "it L ''"''"Kf 'i'^ "^^^^ "^--^^ (^'eL) fall into tS^at 
egory^It IS conceivable that, in the future, effective peptide substrates for 
these dedicated protein kinases could be developed. albeit'possiC^ relatS 

ations that, on the one hand, the mutation of protein phosphoacceptor sites 
may improve their phosphorylation over that of the wild ^e ^d on 

^r^fe^'h ' "^f -»'«l'lished with peptid^st^bs^ates m*y 

prove to be of lesser importance with the intact proteinVubstrate. An example 
IS provided by C-terminal Src protein kinase (Csk) a dedicated ?^ veS 
poorty active towards even large peptides reproducing its natur^ target bm 
it P'rP''7'^'«^ "T'^'^" •"P*"^^" '•■eh eflciency (2) ^sTo iifed 
orle « P'P""^ '^"^y Wroach (see Chapter 16^ co^d 

o n,l T t'?^" *° P'P'*'*^ suitable for assaying 

aSu'Zr ""^ -ural tar^e^ 

1 

^ kinase^ sequence specificity of protein 

f^^l^^°'^^°'^^^^'' °^ ^"'•^ P^°'^i° kinases requires their 

e^H^ T ' ' '^'"'•^ P'P*'"^ ^'"ring the catalytic event t^e 

residue undergoing phosphorylation will bind to the active site whereas the 

L^rS °^ '"e kinat; t jfde the 

h?^r. catalytic site. These latter have been identified in some.instances 

Both t'he"'?" ™rrT °' ^'y"^' analysTs (7?T) 

Both the nature of the phosphorylatable ammo acid, and of the residues 



222 




•a 

jutside the catalytic 
swed in ref. 1). This 
trates for individual 
'f theh- activity using 
imes comparable to 
tning in these cases 
•ally speaking, more 
ut the possibility of 
n one peptide sub- 
e will be completely 
listinct peptides can 

losphorylation rates 
vith those with the 
of httle use in these 
linodulin-dependent 
fed receptor kinases, 
:s) fall into this cat- 
ptide substrates for 
possibly not related 
It to this are observ- 
osphoacceptor sites 
d type, and, on the 
)tide substrates may 
Dstrate. An example 
edicated PTK very 
i natural target, but 
ncy (2), As pointed 
J Chapter 16) could 
titable for assaying 
lose natural targets 



)fprotein 

lases requires their 
catalytic' event, the 
'e site, whereas the 
kinase outside 'the 
d in 'some instances 
ture ^analysis (7, 8)'. 
nd of the residues 



"^1 



10: Assay of protein kinases 

: surrounding it, will therefore influence the catalytic parameters, giving rise 
to 'residue specificity' and 'sequence specificity', respectively (reviewed in 
Tef. 1). From a practical standpoint, the residue specificity gives rise to just 
two main types of residue selection, corresponding to the two major classes 
of protein kinases, i.e. serine/threonine-specific (PSKs) or tyrosine-specific 
(PTKs). In most instances the border between PSKs and PTKs, which can be 
predicted on the basis of primary Structure motifs, is well defined and can be 
empirically drawn using peptide substrates of the two sorts, exclusively 
- phosphorylated by either PSKs or PTKs. In contrast, the features that under- 
preference for serine or threonine within the PSK class remam unclear. 
^Ss a general rule, serine residues'are preferred over threonine residues, in 
some cases to such an extent that it would be tempting to postulate a subclass 
of serine-specific prote^ kiriaises inactive on threonine (e. g. the Golgi casein 
Idnase and p90^*^). In contrast, other PSKs (e.g. AMP-actiyated protein kinase 
tolerate Ser<->Thr subistitutions quite well. These differences have 
soihetimes been exploited to improve the selectivity of peptide substrates 
(e.g. see ref. 9). ' ^ ^ 

the selectivity of most Ser/tHr icinases, however, rehes mainly on sequence 
^pecificiiy, often expressed by a sorcalled 'consensus sequence'. The elements 
Mt^'^?^^^"®"*^^.^*^^*^^ ^^Pp4^^^ required to ensure efficient phosphoryl- 
gjioii are referred to as *specifici^ determinants', whose nature (generally 
lili^^^^^^*^' hydrophobic or acidic residues, or proUne) and position depend 
M considered. The, relevance of individual determinants can also 

' ■^. '^.^^ indicating that some are more dispensable than others. -The iridispens- 
^ £ ■ ■ highlighted in the common representations of the consensus 

'\ . !^H^c^")^hile additional features that are not strictly required (albeit that 
J S^i^^y S"^*stantiaUy i^ 'pfiosphprylation effidency)^ 

: n^ected. Likewise,-not eiioiigh^eniph^^^^ 

fei'????,^^' whose presence can compromise, the phosphon^^^ 
:Suita})le.^sites, and wMch can be. exploited^ to. improve the s^^^ 

desired one(s). ... , ..'^i'-'i.^"^''^' 

. ^:::Tlie consensus.sequences of a number of representative protein kmases are 
shown in Table 1. Most of them have been drawii from the. analysis ,05 n 
phosphoacceptor sites, in conjunction with kinetic studies with peptides re- 
producing these; either exactly or vwth Suitable ihbdificati 
. .prpyed especially rewarding .with many, PSKs, while .with , PllCs.jeww^^^^^^^ 
consensus sequences consistent with the structure of natural: phosphpacceptor 
sites were estabhshed only in a :few cases. It sh^^ 
even:in:the case of PSKs, consensiK sequences 'do* not repr^^^^ 
.rule:;atypical sites, where the specmcity detenmiiants'are^^l^^^^ 
.different from those -highUghted in the iConsensus;-^^a^^ phosphorylated 
with an efficiency^comparable to 'canonical' fsites;'; -^ r ;; ; f:^>. ,v . 
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Table 1. Consensus sequences of some protein kinases' 



Basophilic PSKs 

PKA 
PKG 
PKC 

p90S6>^/MAPKAPK1 

MAPKAPK2 

CaMKI 

CaMKII 

Phosphorylase kinase 
AMPK 

HSV-PKandPRV-PK 
Proline-KJirected PSKs 

ERK (MAP kinases) 

Cdc2 (and other cyclin-dependent PKs) 

Acidophilic PSKs 

CK2 

G-CK 

CK1 

GSK-3 
PSKs 

Src famlly/Abt/c-Fps 
Syk 

EGF/PDGF/IGFI/lnsulin receptor PKs 



Consensus sequences^ 

R-(R/K)-X-(S/T)-B 

R-(R/K)-X-(S/T)-B 

{R/KHR/K)-X-(S/T)-B-(RmHR/K) 

(K/R)-X-R-X-X-(S/T)-B ' 

X-X-(R/K)-X-R-X-X-S-X-X 

R-R-R-X-^X-X 

X-X-B-X-R-X-X-S-X-X 

B-X-R-X-X-(S/T)-X-X-X-B 

B-X-(R/K)-X-X-(S/T)-X-X 

K-R-K-Q-l-S-V-R 

B-(X,R/K/H)-X-X-(S/T)-X-X-X-B 

R-R-R-R-XHS/T)-X 

P-X-(S/T>-P-P 
X-(S/T)-P-X-(K/R) 

X-($/T)-X-(E/D/SpA'p)-X 
X-S-X-(E/Sp)-X 
(Sp/Tp)-X-X-(S/T)-B 
(D/E)„-X-X-(S/T)-X-X (n > 4) 
(S/T)-X-X-X-Sp-X 

l-Y-G/E 

(E/D)-Y-E 

E-Y-M/F/V 



■Abbreviations: PKA, cAMP-dependent protein kinase; PKG, cGMP-dependent protein kinase; 
MAPKAPK1, 2, MAP kinase-activated protein kinase-1, -2; CaMK, calmodulin-dependent protein 
kinases; AMPK, AM P-activated protein kinase; HSV-PK, herpes simplex virus protein kinase; PRV-PK, 
pseudorabies virus protein kinase; ERK, extracellular signal-regulated kinase; CK2, protein kinase CK2 
(casein kinase 2); G-CK, Golgi casein kinase; CK1, protein kinase CK1 (casein kinase 1); GSK3, 
glycogen synthase ktnase-3. 

Amino acids are indicated by the one-letter code; B stands for any hydrophobic amino acid and X for 
any residue; Sp and Tp denote phosphoserine and phosphothreonine, respectively. Interchangeable 
residues at a given position are grouped between parentheses, and separated by slashes. The target 
residues are in bold type. For other sequences and/or additional information see ref. 1. 



3. Design of synthetic peptide substrates 

The 'ideal' peptide substrate for a given protein kinase should be: 

• readily phosphorylated by the desired kinase, with favourable kinetic 
constants 

• poorly phosphorylated, if at all, by other kinases 

• suitable for a fast, simple and sensitive assay 

Peptides that are efficiently phosphorylated and suitable for convenient 
assays can be prepared for the majority of known protein kinases, either PSKs 
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or ETKs. In contrast, strict selectivity is a property of only a small minority of 
peptide substrates. Most peptides are phosphorylated by a variety of more or 
less related protein kinases, albeit with different efficiencies, such a promiscuity 
being especially pronounced among peptide substrates of PTKs. 

3.1 Efficiency of peptide substrates 

In general, the design of a peptide substrate firstly requires the identification 
of jphosphoacceptor site(s) affected by the kinase of interest in its protein 
targets. Often, this analysis also discloses conserved features that may represent 
specificity determinants. The actual relevance of these structural elements is 
then checked by synthesizing peptides where these residues are either con- 
served or substituted, and by using them as substrates for the kinase of 
interest. The minimum length of the peptide, required for efficient phos- 
phorylation should also be checked. Although very short peptides (6-7 
residues long) may occasionally prove excellent substrates, in general a more 
extended sequence is required, composed of 10-15 residues. A 'good' peptide 
substrate is expected to display a in the low jjlM range (<100 fjiM) and a 
^miut value comparable to that of the protein substrate. One should also bear 
in mind that the sequence derived from the natural protein substrate is not 
negessarily the optimal one. Often the phosphorylation of a peptide substrate 
ca^ be substantially improved by the inclusion' of additional positive deter- 
minants that may be lacking in the original site, or by the elimination of 
negative, determinants that may be present. Useful hints about substitutions 
ohinodifications likely to improve the phosphorylation efficiency can be. pro- 
vided by. the comparative analysis of many natural phosphoacceptor sites, and 
byisystematic studies with numerous peptide substrate derivatives. 
^^rrA, short-cut towards the generation of optimal peptide substrates has been 
recently^ made possible by the development of peptide Ubrary approaches. 
These methods, dealt- with in Chapter 16, are- intended to provide through a 
single' experiment (at least in principle) an amount of information that would 
otherwise require hundreds of experiments with a wide variety of successively 
designed vpeptide substrates. They may also prove helpful ^ for designing 
peptide- substrates for kinases >whose physiological phosphoacceptor sites are 
stiUiunknown, and perhaps even for protein kinases -which. are .inactive on 
peptides reproducing their natural substrate ..but . might still act on unrelated 
short sequences; The most successful of these methods are based on oriented 
Ubraries-(10;i'll;- see Chapter. 16) consisting>of peptides including either a 
serinerorvavtyrosine! residue embedded in a sequence of degenerate residues. 
Aftenphosphorylation by the kinase and removal of the dephosphorylated 
peptides,' the degenerate phosphorylated. peptides are sequenced by Edman 
degradation ;as .a mixture. If certain. amino acids are. prevalent in a particular 
sequencing . cycle, this means that, the kinase had selectively i phosphorylated 
peptides. containing that amino acid at.that position. In principle,- one might 
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'""^^ I'lnna 

the kinase. However, i, should be^ ememSreTr^^ 

sequence. Even if the library conta'nTdT^/ . ^ represents a virJl 

the stgnal from a single pepTide wouTdVe ^^<'"-'«=e. 

pept.de hbraiy approach can have shortcoi if '° 

at a given position depends on the natS t? ™P°rtance of a residue 

The potential and limitations of thk ^""^o-ding sequence. 
Chapter 16. From the standoZt nf h ^^""^^ ""^''S'^d further in 
• substrate, i, is crucial tSritXmide ? f °« P^P«<i" 
opttmal sequence selected from the UbL^t t% T'' ""^ ■ 
the k.„ase^ In many instances this h^ 3 " t^^,^""^ P^o^phorylated by 
however, from the tendency of ori^n^S ' ' ^'"^^ ^sult' 

nunants at positions where Ly^e l.V ,, ' '° specificity deter 
(thts could even worsen selStTserbellVnf.'''' " «f 1 

oonstramts imposed by the fixed ^aS of rS'th.^'^ "'""""^ '"^'""^ "^^ 
he mvanant position of the phosphoaccent^ 'he hbraty peptides, notably 
sequence, and a basic triplet usua^KK^ • ^'""^ "'^ ^^nt^e of the 
technical reasons (10). "^^"^l ^t the Cterminal end for 

?f„f ^^*"f "^P^P**^* ""bstrates 

.or-etSbrnfote^ 

achtevable goal. In many insLnc« h " " """st cases an un 

relatively selective peptide's XhT^li;:;'' Z f"^^""^ '° 
much more elMciently than by the mlS S^'l' "'^ ''^^'^^^ kinase 
Wongmg to the same specificity class fsee rL/ n ^"'r^' '"ose 
can consider the example of the tee tLf , ^' '=°''»ection, one 

activeoncasein(hencerheirname)but„o^^ kinases. aU equally 

'P^°fi= peptide substrates (see 7-fl6te2 Tr^^^^^^^ 

called because the specificity determStl^re?^"''"" ^ "-^^^o- 
Phosphoacceptor site. The des ^^f soerifi. 'r*''""' surrounding the 
possible by detailed knowle^f of the f^.^T"'/"''^'^''^^ ^^'^ -"-de 
(requiring at least four Asp resile, hil specificity determinants of CKl 
either Asp or Glu a, posirn^a and a7ditio"'V"'."^>' ^ (-'•"Sng 
(P+X) is used by some workers] refers tn ,hl • ^ nomenclature [P-X 
Cterminal) to the phosphoi^itS ami t.vT'^^^^ "'''"'^ ^^^^^ 
he specificity of the casein k^es aZwed the dP"' "T"^ '^""^'^"ge of 
the requirements of each of them Jthouf be,„„ P^P""" 'hat fulfil 
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to acidophUic kinases Uke CK2 '"^ <*«™enta] 

rat.0 can be used as a reliable criterion to idLtify sVk acS^^ ^ ' 

orl?n w ' have been used for the assay of a variety of ! 

sidered. For a deeper ms.ght into peptide selectivity, it is ad visa We to Jit 
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10: Assay of protein kinases 

the pertinent reference(s). Secondly, in many instances differences in K^^ values 
can' be exploited to improve the selectivity of peptide substrates towards certain 
kinases, by performing the assay with appropriate low peptide concentrations. 
Thirdly; a low Kj^ does not always indicate a selective substrate, and vice versa. 
The outstanding affinity of the peptide GRTGRRNSI for PKA (K^ = 0.1 m-M) 
does not make it more, specific than the traditional 'kemptide', LRRASLG 
{Kia = 6 |ulM); both peptides are phosphorylated by several basophilic protein 
kinases; By contrast, the p-casein-derived peptide KKIEKFQSEEQQ is a very 

. specific substrate for the Golgi apparatus casein kinase (G-CK), despite its high 
K0(663K\iM)y since it is not appreciably acted upon by other protein kinases. 
Sometimes, an increase in AT^ value is acceptable if it is the consequence of a 
modification (such as an addition of basic residues) aimed at rendering the 
peptide suitable for a fast and reUable assay technique (see Section 3). In this 
connection it should be noted that the majority of the peptides listed in Table 2 
either are (or have been made) suitable for the phosphocellulose paper assay; 
exceptions are indicated by an asterisk or question mark. 
^-Clearly, a better knowledge of negative determinants variably perceived by 
different kinases will prove helpful for tailoring peptides that display higher 
selectivity. Another strategy that might deserve attention is to exploit the 
active-site speciAcity with artificial phosphoacceptor derivatives different from 
the natural hydroxyl amino acids, i.e. serine, threonine, and tyrosine. Especially 
prpmiising in this respect appear to be studies with alcohol-bearing com- 
pounds that can serve as protein kinase substrates, and which are disclosing 
unexpected differences in the active-site specificity of otherwise closely 
rejated kinases, both PSKs and PTKs (13, 14). Likewise, the use of tyrosine 
analogues could provide a key for monitoring individual members of the PTK 
family.' Pertinent to this is the observation that the replacement of tyrosine by 
its^analogue, 7-hydroxy-l,2,3,4-tetrahydroisoquinolme-3-carboxylic acid, in a 

. cyclic '^peptide derived from the activation loop of c-Src fully prevents 
phosphorylation by the Src-related kinase c-Fgr, while it is tolerated fairly 
well by Syk (Ruzza, P., Donella-Deana, A., Calderan, A., Filippi, B., Cesaro, 
I^ltPinna,' L. A., and Borin* G., unpublished data). 

3r3 ^Measurement of peptide phosphorylation 

Even, the best and most specific peptide substrate would be of little use unless 
a Teliable, sensitive, and sunple method for assaying its phosphorylation was 
ayajlableylf. phosphorylation is performed by radiolabelling with [7-^^PjATP, 
it is normally sufficient to achieve a. fast and complete separation of the 
radiolabelled phosphopeptide from the large excess of radioactive ATP, and 
its hydrolysis product pP]phosphate.*ln an assay where both radioactive 
"ATp, and ;the phosphoacceptor peptide substrate are present at 500 ^M, and 
assuraing that only . 5% of the peptide is converted , into its phosphorylated 
fornv;*at:the end of incubation there will be an —lO-fold excess of radioactive 
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optimistic scenario when thetolt ' nr. T'""" P'°^'"^«- TWs is an 
perfomed with veiy low conLTtrS^^^ "'^ 
desirable that <om% o7 tTe Tnre^cld A^'^'' 

phosphopeptide product iii ord« to mil. ^ ""'T^ '° contaminate the 

™s performance can beS ved utft^rr^"^^^^ 
cedure. based on the prindple' thTt at lol nH*^ P"P^^ P~- 

pl>osphate)doesnotbiidtopWho<^ llir/ K ^°^eanic 
lated peptide including two orSJb^fc re^H """^^^f 1^°^ '^B^V Phosphory- 
developed by Glass (15)^^ basic residues wiU bmd. This method, fct 

strates of basophili proteii kinS^s whth ' """^^ P^P^''^ ^"b- 

specificity dete'rminants (^ tT^'J^^^^^' T""*: ""^^ ^^^'^ues as 
substrates for kinases that while noft • ^ ^'^^P'*" ^° P^P'We 

. tolerate them. TOs i^cfukeTtrne S ''^-^"'■eless 
Although it is commonly stated EThetttel rt ^'"^'''J'"' "-"y PTKs. 

. reahty they are quite promiscToiK i f ?^^ 
and. with a few exc^~^ '^hlh '^f'" '"''^'^^^^^ 
residues have been added Se^ll "^ "^ '^P*^"" '^•^''^'^ ^^^^ 

paJrrXLSbSSrrS^^^^^^^ "ind to phosphoceUulose 

(see also Chapter 9 for a dis^Lon of h^^ basic residues rather than two } 

vided by angiotensin II M ZnenHnl ^f'^- ^ "''^P'" P'o- 5 
Which has ofly two l,LZm!:\BR^t^,^t o' °^ ' 

tensm II itself is not suitable for re\ilVl «P«"Mce, angio- ? 

phorylated derivative Mn be iZ ,T J^'' '""^ ^'^°'''> Phos- ^ 

included from the om^t l^LZf T T'^J'^°'^^°'y^''''''^ ^^^'^ueCs) are 
kinases (e.g. GSl^ZTrableT 'Phosphate-directed' 

where .hey do not comproCe rhntnr' 

by rendering the pS a^Z^^f '^"'"^ "^'^'^vity [e g 

is exemplifi|d.byTdesSr.ft/H ' T'*"^^ ^"""P^^' kinase(s)LTl| 

ceUulose paper assay of SiSaSr^'^'l^ "'^ P^'^^P"- 
and often.perceive basic resTdurs^! „l« ^' """"^'^^^^ ^^idophilic 
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Table 3. Variable recovery of phosphopeptides by different procedures' 



Peptides 



Recovery of phosphopeptide by:'' 
P-cellulose paper AG 1-X8 anion exchange 



DEAE-paper 



DRVYIHPF (angiotensin II) 


45 


100 


n.t. 


DRVYIHPFR 


95 


100 


n.t. 


EDNEVTA 


<1 


90 


n.t. 


RRlilEbNEYTARG 


98 


98 


n.t. 


SAEEEDQYN 


< 1 : 


82 


n.t. 


RRRADDSDDDD 


97 


30 


80 


ESEEEEE 


< 1 


30 


82 


flKMkbTDSEEEIR 


98 


85 


■ n.t. 


Wrasva 


98 


98 


n.t. 


SpSpSpEESIT 


< 1 


<1 


n.t. 


EQEDEPEGDYEEVLE 


n.t. 


60 


88 


PEDADIYDEEDYDL 


n.t. 


20 


97 


PEGDYEEVLE 


n.t. 


70 


70 


PEGDVAAVLE 


n.t. 


98 


20 



'Unpublished data provided by A. Donella Deana and F. Meggio. 

Values are expressed as a percentage relative to the recovery of phosphopeptide by the acid 
hydrolysis method, assumed to be 100%; n.t., not tested. 

serine, the problem could be circumvented by placing the basic residues 
upstream at positions n-4 to n-6, where they are reasonably well tolerated. At 
position n-1 and anywhere downstream they are not tolerated. The resulting 
peptide, REEADDSDDDDD (Table 2), besides being an excellent substrate 
for GK2 by virtue of its seven Asp residues, and suitable for the phosphocellu- 
lose paper method by virtue of its three N-terminal arginines, is also quite 
specific.-The lack of basic residues at n-2 and n-3 prevents its phosphorylation 
by most basophihc kinases, whereas the alanine at n-3 (instead of another 
Asp) ' prevents phosphorylation by another casein kinase, CKl. The Golgi 
apparatusxasein kinase (G-CK) , whose consensus sequence is S-X-(E/Sp)-X, 
does not phosphorylate this peptide because it contains Asp rather than Glu 
at n+2 (see Table 7). r Conversely, a highly specific peptide substrate for G- 
CK, suitable for the phosphocellulose assay, was derived from the sequence 
surrounding serine-35 in p-casein (KKIEKFQSEEQQQ) exploiting the basic 
residues present in the N-terminal moiety of the natural sequence. 

In the case of CKl, which requires either a phosphorylated residue at n-3, 
or an acidic cluster upstream from n-2, placing the basic residues downstream 
w^^not successful since the resulting peptide (DDEEDEEMSETAEEE) was 
;a very, poor substrate (18). This problem was circumvented by placing the 
basic triplet upstream, quite far from the acidic cluster. The resulting peptide 
(^KbLHDDEEDEAMSITA), although having a higher than that of 
the peptide devoid of basic residues;~is still a fairly good substrate (16). 

If the phosphocellulose paper method is not- applicable, alternative 
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^^^uz.u ^. I'iniia 

pepudes. which tend to be retSdei ,1? T^' " not successfij with ac.d"c 
radioactive ATP. i, would r/die i^r' °^ '^^ '"^^'^^^ 
r«.dues with neutral ones if they r^ottn? f' '^"^ '° ^^P'^^^ acidic 
^e opposite strategy applies to ^e DE^T.f T '"'"'^^'^ detemunante 
exploits the fact that at neutral pH (whif ;? ^'^"^ '"^"'od, which 
chams are completely dissociated) ZLT " ^""^"^^ ==ide 
hghtly than ATP, which can be eh^ted nn-rf 1^^'"^^' """ch more 
quantitative only if the peptide contafnr, ^ ° P^P""^- meth^ s 
(see r.We J), so its apjlicabtitnrbel^"'' T'" "^eative charge 
a«dic residues, provided that thev Tf"^^'' ''^ ^"«<=''i''g additS 
efficiency. In this respect, DEA&ceU^lr to phospho^on 

Phocellulose paper, and Jan app iS'^n^r; " t°"'P'^'"enta^ry t^pho"" 
do . not tolerate basic residues wh t '^P''''^ '""^'^^'^s ^r kinases that 

i-espective of the Sadd SmL"'''/? °f P^osphopeptide 

the phosphoester bonds of the ne„tiH„ ^ "conditions where 
oj^anic phosphate is removed by mSatet ""^ Radioactive ^ 

Phosphomolybdate complex with ,n treatment and extraction of thl 

J th. Wenar «ethof as i?sSZ?>' ^^^^ ^ "-^n 

«^e paper methods, is the high bac^o^ ^3^' " ""^^ complicated than 
nmw^'^ , T*"^'^ generated from M^Iatp^ J ■ '° '"^""plete removal 
problem if the kinase activity to be n,.. ^ « a particular 

method may be the first c^oTc ° ^:<^™ " " ^ the' a" te 

.e.odcan.s^ 

4. Pliosphoiylation of peptides 

4 iJi''P*"«'P'»°'7l«tion reaction 
4.1.1 Assay conditions 

Assa)^ areusuaiiy peiformed at wr- ■ 

final conc^ntratioris in the^sty'S " ' 20-50 ^. Typical 

. ^lomMM^^tor^nrb^r^"^^''^'^^^ 
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10: Assay of protein kinases 

j Other components to be added are the peptide substrate, the kinase, and 
^any,. essential co-factor such as an allosteric activator of the kinase. The 
optimal conditions depend on the specific enzyme being used. 
^ ATP is utilized by all protein kinases as a phosphate donor, but some (e.g. 
,CK2, and to a lesser extent Cdc2) can use GTP as well. This can form the basis 
pf a more specific assay for these kinases. An ATP concentration of 10 yuM is 
jusuaily sufficient for straightforward activity assays, but higher concentrations 
are required for quantitative analysis, especially the determination of 
values for peptides. In this case, the ATP concentration should exceed the 
value for ATP (for most kinases this is in the range 1-150 jlM) by several- 
fold. The desired specific radioactivity of [7-32p]^'pp obtained by 
mixing non-radioactive ATP with the required amounts of [7-^2p]ATP from a 
^carrier free' stock (for example, the solution in 50% ethanol supplied by 
Amersham at a specific radioactivity of 3000 Ci/mmol). ^^P has a half-life of 
only 14.3 days; decay tables are available to calculate the specific activity on 
the day of use. A precise assessment of ^-^^pj^jp specific activity is essential 
for calculating reaction velocities and the stoichiometry of phosphorylation 
(see Protoco/ 2 in Chapter 9). 

i^Mg2+ or Mn^"^ ions are required both to form the Mg-ATP^'/Mn-ATP^- 
complex which is the true substrate of all protein kinases, and because bindmg 
of divalent metals may also be required at other sites on the enzyme. Usually 
Mg?? is preferred by FSKs, and Mn^"*" by PTKs. However, many exceptions to 
this are known, and a mixture of both ions is often used; In principle, the use 
of either Mg^"^ or Mn^^ could improve the selectivity of the assay. 



Protocol 1. - Standard peptide phosphorylation reaction 



■ * '^Equipment and reagents 

^ • thermostatic water bath or incubator 
''^i vortex rhtxer 
: microcentrifuge 

• equipment for radioactive safety (e.g. 
Perspex shields, Getger counter) 
' assay buffer (0.5 M Tris-HCI or Hepes- 
j . , NaOH.at pH 7.0-8.0) i 
"J^^^y^^? (3000 Ci/mmol;' Amersham 

J^supplies a stock in 50% ethanol) 



• MgCli and/or MnClj (100 mM) 

• unlabelled ATP (50 mM; make up in water 
and neutralize with Tris base or dilute 
NaOH) 

• peptide solution (10 mg/ml; most peptides 
are soluble in water, but neutralize with Tris 
base or ammonia if necessary) 

• kinase 

• appropriate co-factors/activators 



t^%eth6d 

..^v.^jfTi'x of the reagents which are common to all of the assays can be 
^af;^i--iPrepared^^ advance. Add the reagents (buffer, {-y-^^PIATP, cold ATP, 
),i'- .>7!^r(;??'2'r^"^^°'' '^9Cl2, peptide substrate, co-factors) to polypropylene 
ill ^^yfefs. Adjust, ta t^^ desired final volurne with water. Vortex and 

: 2, , Dilute the kinase in the appropriate buffer. Start the reactions by. 
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Protocol 1. Continued 

adding the enzyme to each tube at fixed intervals nf tirr.^^ re- 
place the tubes in the incubator at 30^C ' """^ 
Stop the reactions by one of the methods described in Section 4 2 
B ank reactions should contain all reagents except the kinase-"if « 
s.gn,ficant autophosphorylation of the kinase occurs an addL a 
blank should contain all components except the peptide substrate.' 



3. 
4. 



The peptide substrate can be initially used at a wHHpr=,n«« f 
(0.1-2 nM); a kinetic analysis can ^^l^T'^l^^J^^^^^TZTZ 
appropnate concentration to be used in routine assav, Tn . f 

mercaptoethanol (10 mM) or dithiotil^ehoTrai if adid To m^^^^ 
as Inton X-100, or Tween 80 TO 02-411°/ w^m j "cicigcni isucn 

2d A^P separaUon of phosphopeptide 

4.2.1 Phosphocellulose paper assay 
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Protocol 2. Kinase assay using phosphocellulose cation- 
; . exchange paper 



Materials 

• phosphocellulose cation-exchange paper 
:(P81 Whatman; cut into 2x2 cm squares) 

• phosphoric acid (0.5 %, vM 
V hair dryer 

^^^« liquid scintillation counter 



• 500 ml plastic beaker (for washing papers; 
this beaker should have inserted Into it a 
slightly smaller plastic beaker, in which 
holes of about 0.5 cm diameter have been 
made, to retain the papers during washing) 



Method 

1. After the desired incubation time (see Protocol 1). stop the phosphoryl- 
ation reaction by spotting the reaction mixture (or an aliquot of it) on 

' to the P81 paper squares. 

2. When the liquid Is adsorbed, drop the papers into the 500 ml beaker, 
vyhich contains about 200 ml of phosphoric acid. Place the beaker on 
to a magnetic stirrer for about 5 min; discard the liquid as radioactive 
waste and replace it with 200 ml of fresh phosphoric acid. 

3. Wash three times with phosphoric acid (200 ml per wash for -5 min 
each time). 

4; Wash for a few seconds with acetone and dry papers with a hair dryer.' 

SV Place the paper squares into scintillation vials and count them in 
scintillation fluid. 

> 'Jhis step Is hot essential, but the paper squares are easier to handle when dry. 



S 4;2i2r^AG 1-X8 

v^ForpKosphopeptides which do not contain enough basic residues to allow 
. ^binding to phosphocellulose paper, separation of [7-^^P]ATP can be achieved 
' .by .chroniatography on AG 1-X8 anion-exchange resin (20). In 30 % (v/v) 
^^^cetic acid, ATP binds quite strongly to the resin by virtue of its three nega- 
;t live charges, while phosphopeptides bearing just one phosphate group usually 
■ ^ fdo not. They pass through the column and can be used for further analysis. 
^^;They-can be directly counted for incorporated radioactivity by Cerenkov 
Jcpunting (without addition of scintillant), and can be recovered by lyophiliza- 
' iXion for further use; (e.g. as a radioactive substrate for protein phosphatase, 
^;;sceiSection 5:1.1 and /Votoco/ 7). 
■ Mofe;p^^^ combination of AG 1-X8 chromatography and acidic hydro- 
lysis:fbn6wed by phosphate extraction (see Section 4.2.3) is a good device to 
.ensure that the measured radioactivity is incorporated into the phospho- 
;peptide and not due to contaminating [^^P]phosphate or [7--*^P]ATP (see 
Protocol 4), If the peptide contains acidic residues, it will bind to the column 
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more tightly and may be difficult to resolve completely from W-^^pi^yp p„ 
!^Urr' ^"^^ anion-exchange chromatography assay is not 

(sel S ^r"^ ^'^^''^"^ """^''P^y phosphorylated peptides 

4.2.3 Assay by acidic hydrolysis of [7.32p]ATP and separation of ^^Pi 
rrom pnosphopeptide 

If the phosphorylated peptide contains a similar number of net negative 
charges to ATP m 30% acetic acid, it is not suitable for analysis by AG 1-X8 

sfpT^T?^^- i'^u ^""'^ ^""^ "^^^^'^^ hydrolysis of [7- 

P]ATP followed by extraction of the phosphate (as a phosphomolybdate 
complex) in an organic phase (21). Treatment at 100°C for 15 minutes in the 
presence of 1 N HCl is sufficient to hydrolyse the acid anhydride bonds of 
ATP, whUe preserving the ester bonds of phosphoamino acids. The reaction is 
neutralized by addition of NaOH, and the formation of a phosphomolybdate 
complex ,s induced by the presence of ammonium molybdate. The phospho- 
^1 wtT '°™P''^.^^ ^^^"t,le in organic solvents such as isobutanol/toluene 
(1:1) (22), allowing its extraction from the phosphopeptide, which remains in 
the aqueous phase. The radiolabelled phosphopeptide can be quantified by 
counting an ahquot of the aqueous phase by scintillation counting 

This assay method is appropriate for SerP, ThrP, and TyrP-containing pep- 
tides, since very httle hydrolysis of any of these phosphoamino acids occuk 
under the conditions used. The method works with aU peptides, no matter 
how acidic or basic, with the possible exception of markedly amphipathic 
peptides which may concentrate at the water/organic phase interface. TOs is 
therefore, the first choice method whenever a comparison of phosphorylation 
of a variety of peptides of markedly different composition is being under- 
taken. It can be applied directly after the phosphorylation reaction (see 
Protocol 3) or, for suitable peptides, after chromatography on AG 1-X8 resin 
(see Protocol 4) m order to reduce the background, which is the main 
drawback of this method (see Section 3.3). 



Protocol 3. 



Kinase assay using acid hydrolysis and 
phosphomolybdate extraction 



Material 

• HCl (2 M and 1 M) 

• ammonium molybdate (5% (w/v); to 60 ml 
HjO, add 22.4 ml concentrated H2SO4 (18 
M) and Ip.g ammonium molybdate (add in 
small amounts, waiting for solubilization 
before adding more); adjust volume to. 200 
ml with water] 

• solution A* (mix 50 ml of 1 M NaOH, 50 ml 
of 5% ammonium molybdate, 38 ml of 50% 
TCA, and water to a final volume of 190 ml) 



• NaOH (1 M) 

• TCA (trichloroacetic acid, 50% w/v) 

• water-saturated Isobutanolftoluene (t:1) 
(mix 1 part isobutanol to 1 part toluene and 
about 0.5 part HjO; wait for complete 
separation of aqueous and organic phases 
and take the organic phase) . 

• incubator at lOO'C, or boiling water-bath 

• vortex nirxer or rotational shaker 

• hqurd scintillation counter 
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Method 

1. Stop the phosphorylation reaction** by adding an equal volume of 2 M 
HCI, in order to obtain a final concentration of 1 M HCI. 

2. Add 1 M HCI to a final volume of 0.5 ml. 

3. Boil for 15 rnin. 

4. Stop the hydrolysis by placing the tubes into ice and adding 1.9 ml of 
solution A. 

5. Allow to cool, then add 5 ml of isobutanol/toluene (1:1). Cap the tubes 
and shake for about 30 sec.*" 

6. Wait for physical separation of the two phases; remove the upper 
hydrophobic layer and discard as radioactive waste. 

7. Repeat steps 5 and 6 twice more. 

8. Withdraw 2 ml of the lower aqueous phase and count in at least 8 ml 
of scintillation liquid, after vigorous shaking. 

9. Calculate the total radioactivity incorporated into the phosphopeptide, 
multiplying the cpm detected in 2 ml of the aqueous phase by the 
factor 1.2. 

stable for at least two weeks at room temperature. 
*' Incubations should be carried out in 10 ml tubes with caps resistant to boiling. 
* Mixing of the aqueous and organic phases can be obtained by vortexing, or using a rotational 
shaker, 



Protocol 4. Kinase assay by combining AO 1-X8 chromatography 
and acid hydrolysis 



Materials 

• disposable columns (e.g. Pasteur pipettes 
plugged with glass wooll, and a suitable 
' ; J rack to hold them 

AG^l-XS anion-exchange resin [equilibrated 
" in 30% (v/vl acetic acid] 
' acetic acid [30% (v/v)] ' 

x^i-jamrnonium molybdate [5% (w/v), prepared 



1 solution B* (mix 15 ml of 12 M NaOH, 50 ml 
of 5% ammonium molybdate and 30 ml. of 
50%TCA» 

I water-saturated isobutanolAoluene (1:1) 

(prepared as in Protocols) 
1 incubjatorat lOO'C, or boiling water-bath . 

> vortex mixer or rotational shaker 

> liquid scintillation counter 



as in Protocol 3\ 



, Method 

;;r1''> Stop, the phosphorylation reactions by adding 0.5 ml of 30% (v/v) 
iiod ; acetic acid.'' 

jf;2D Prepare a number of columns corresponding to the number of 
Hi^ifisamples, by pouring about 0.5 ml AG 1-X8 resin into each column, 
i ^LWash the resin extensively with 30% acetic acid. 
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3. Load the samples pn to the columns and collect the flow through 
fraction. 

4. Wash three times with 1 ml 30% (v/v) acetic acid, and collect the eluate 
in the same tubes as the flow through, to a total volume of 3.5 ml.^ 

5. Withdraw 1 ml from the eluate, transfer it Into 10 ml polypropylene 
tubes, and add 0.6 ml 6 N HCI. 

6. Boil for 15 min. 

7. Stop the hydrolysis by placing the tubes into ice and adding 1.9 ml of 
solution B. 

8. Follow Protocol 3 irom step 5 to step 8."^ 

9. Calculate the total radioactivity incorporated into the phosphopeptide, 
multiplying the cpm detected in 2 ml of aqueous phase by the factor 
6.125. 

• Stable for at least 2 weeks at room temperature. 

" If the incubation volume is higher than 50 >lI, make sure the final concentration of acetic acid 
is 30% (v/v) by adding an appropriate amount of a more concentrated solution. 
*The assay can be terminated at this step by directly counting the eluate, as described in 
Section 4.2.2. If high background values are observed (in the absence of enzyme or peptide} 
possibly due to contamination with (r'^PlATPor the presence of other acid-labile compounds' 
continue the assay from step 5. 

"Since only small amounts of acid-labile compounds are usually present after AG 1-X8 
chromatography (compared with conditions described in Protocol 3 where all of the [r^P]ATP 
is hydro lysed), step 7 of Protocol 3 can often be skipped. 



4.2.4 Assay by detection of radiolabelled phosphoamino acids 

Detection and quantitation of a peptide phosphorylation reaction can also be 
performed by the hydrolysis of peptide bonds (6 M HCI, 4 h at llO^C) 
followed by separation of phosphoamino acids. The technique can be success- 
fuUy employed for phosphoserine- (SerP) and phosphothreonine- (ThrP) 
containing peptides, but it is not useful for phosphotyrosine- (TyrP) contain- 
ing peptides, since the hydrolysis of this phosphoamino acid is too high under 
the conditions required for peptide hydrolysis. Compared with the other 
methods for phosphorylation assay, this one has the advantage that it allows 
separation between SerP and ThrP, thus giving useful information in the case 
of peptides containing both kinds of amino acids. The separation can be 
achieved by high voltage paper electrophoresis (23) (Protocol 5). At pH 1.9, 
SerP and ThrP are equally negatively charged and both migrate towards the 
anode, but migration of SerP is faster than that of ThrP due to lower steric 
hindrance, p^pjphosphate, derived from ATP hydrolysis, separates from both 
phosphoamino acids due to its much higher mobility. Quantitation can be 
achieved by means of autoradiography of the paper and scintillation countmg 
of the spots correspondmg to the radiolabelled phosphoammo acids In 



242 




10: Assay of protein kinases 

quantitative (or comparative) studies, corrections must be made for hydro- 
iytic losses of SerP (48%) ^nd ThrP (14%) (24). The general applicability of 
this procedure was estabUshed by assaying the ^^P incorporated by different 
protein kinases into a series of peptides with dissimilar structures, and 
denionstrating that they underwent comparable loss of inorcanic phosphate 
(25): . 

; Alternatively, two-dimensional separation of phosphoamino acids on thin- 
layer cellulose plate can be performed (26) (see Protocol 11 in Chapter 5). 
This is convenient when a qualitative analysis of TyrP-containing peptides is 
required, since TyrP is not resolved from ThrP under the conditions described 
in Protocol 5. In order to avoid complete release of free phosphate from 
phosphotyrosine, only a partial hydrolysis of the peptide is performed in this 
case (6 M HCI at llOX for 1 h instead of 4 h). 



Protocol 5. Kinase assay by peptide hydrolysis and separation of 
phosphoamino acids 



Materials 

.HCI(6M) 

• scalable glass vials 

• nO'C oven 

• drying device (centrifugal, vacuum concen- 
trator, e.g. Savant SpeedVac equipped with 
an NaOH trap to coHect acid, or an air-flow 
device) 

• pH 1.9 buffer [mix 50 nnl formic acid (98%), 
-.. 156 ml glacial acetic acid, and water to 2 

litres J 



► phosphoamino acid standards (20 mM 
SerP, 20 mM ThrP) 

» ninhydrin solution [0.2% (wA^I; dissolve 100 
mg ninhydrin in 49 ml acetone and 1 ml 
glacial acetic acid] 

I Whatman paper (3MM Chr) 

• hairdryer 

> high voltage electrophoresis apparatus 

I equipment for autoradiography and scintil- 
lation counting 



Method 

1. Stop the phosphorylation reaction by transferring the mixture into 
sealable glass vials containing about 3 ml of 6 M HCI. 

2. Seal the vials and place them in the 1 10X oven for 4 h. 

,3. Cool the vials on ice, open them; and completely evaporate the liquid 
{with centrifugal vacuum concentrator or air flow). 

4. Wash twice, adding about 1 ml of water and taking to dryness each 
■ * ' time. 

^, 5. Add 50 |xl of buffer at pH 1.9 and vortex thoroughly to allow complete 
^' )1 solubilization of the dried hydrolysis products.* 

',^f.-:Add 5 p,! of cold phosphoamino acid standard solution to each 

i '^risample. ; 

■ 7; '.Prepare a strip of Whatman 3MM paper with the desired width;** mark 
K the origin with a pencil line a few cm from the cathode end. Mark the 
positions to load each sample 1-2 cm apart on the origin. 
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^' hp^ T^'^' ^ allowing to drvina 

between each application.'^ ^ arymg 

better '^^ P'P- -rf^<=« "Sing a 

11. Stop the electrophoresis, dr/ the strip, and spray it with 0 2% (wA,l 
nm ydnn solution. Place the paper into the oven fo Z ^fn VCl 
presint Phosphoamino acid standal are 

CuToutfht «cids by autoradiography 

Cut out the rad.oact.ye spots and count in a liquid scintillant • AddIv a 
co^rect.on for hydro.ytic losses o, phosphoa^-ino acidste Sn 

coolins device used, ™' " <=m, but it can vary according to the 

.rL:rrrdtrh%;r:i;ri,r:red"r 

•A«ernati.e,.„.ap..pJC~^^^^^^^^^^^ 



4.2.5 DEAE-cellulose paper assay 
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Protocol 6. Protein kinase assay using DEAE-cellulose anion- 
exchange paper 



Materials 

. 0.5 M EDTA 

• DEAE-cellulose paper (NA 45, Schleicher & 
Schuell, NH, cut into 2 cm x 2 cm squares) 

• washing buffer (100 mM NaCI, 50 mM 
Tris-HCI, pH 7 A) 



• 500 ml beaker, with a smaller plastic beaker 
insert Isee Protocol 2) 

• hair dryer 

• liquid scintillation counter 



Methods 

1. Stop the phosphorylation reaction by addition of 0.5 M EDTA to obtain 
a final concentration of 0.14 M. 

2. Spot the reaction mixture (or an aliquot of it) onto the DEAE-cellulose 
paper squares. 

3. When the liquid is adsorbed, drop the papers into the 500 ml beaker 
containing about 200 ml of washing buffer. Place the beaker on to a 
magnetic stirrer for about 5 min; discard the liquid as radioactive 
waste and replace it with 200 ml of fresh washing buffer. 

4. Repeat washing three times with washing buffer {200 ml per wash for 
at least 5 min). 

5. Wash for a few seconds with acetone and dry the papers with a hair 
dryer." 

6. Place the paper squares into scintillation vials and count them in 
scintillant. 

•This step Is not essential, but the paper squares are easier to handle when dry. 




4.2.6 Alternative methods for protein kinase assay 
A number of other techniques have been employed, with different advantages 
and disadvantages according to the type of substrate and the phosphorylation 
conditions used: , 

• SDS-PAGE (27); 

• isoelectric focusing (28); 

• PEI-cellulose column chromatography (29); 

• binding to ferric adsorbent paper of tritiated phosphopeptide (30) (the 
method is radioactive, employing ^H, but avoids the use of the higher 
energy ^^P radioisotope); 

• assay on streptavidin-linked disks, which can capture previously biotinyl- 
ated peptides (31) (this method has the advantage of a low background in 
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Z^^^^^. °^ P-'ospho.y.ated. but not bio- 
* ;eSl32)f ^"'^''^ -''^We for both acidic and basic 

.SDS-PAGEof peptides Which have been H„,cedtoaminoaddpo.„(33) 

Which haveLcn la^tr^itK^Se m^^^^^ °^>'«''«''- 
phospho.anddephospho-pcptidesbycapr:;fr„e'e:Xt^^^^^^ 

5. Assay of protein phosphatases using 
phosphorylated peptide substrates 

Compared with protein kinases (especially PSKs^ nrnt..„ .. u 

not appear to display a marked speydtv fnr^p ' ^ Phosphatases do 

their phosphoamino acid substra ^^^1/ ^'^t'^ 

number of phosphorylated Sdes ih^h '° ""tain a 

natural phosphorylaSes are Iv^t^ °^ reiatedness to 

phorylated by Motein t^To ' ^^^^^^^ '^""^y ^"'^ efficiently dephos- 

specVfic. The JpS^^pSa-^ L^^^^^^^^ serine/threonine or'tyrLine 

and are frequently exploited espedaut^n .h "°'"'°""g enzymes 

phatases. A number ofTuch dS!^ . °f Protein-tyrosine phos- 

about the phosphatase t^af can 1?.. ^""'u'" ^""'^ 

noted onc^ agL ^a protein phos2t " should be 

promiscuous thanprotein''k°':es2^^S:rtot^^^^ 



T.b.e «. Phosphopeptides used .or ,he assay of protein phosphatases' 



Phosphopeptide 



Phosphoiylating 
kinase'' 



RRATpVA , 

RRREEETpEEE , 

DLDVPIPGRFDRRVSpVAAE ' ' p^a 
INGSpPRTpPRRGQNR p'^. , 

SpEEEEE CycIin-dep.PK 

edneypm'''^''^'''^'^^'®p^^'<^'^k PKC 

NIDGEVNYpEE ^^j'' 

AFLEDFFTSTEPQYpQPGENL elk' 
TAEPDYpGALYE 

•Data from ref.37. 



Phosphatase(s) that 
can be assayed'^ 

PP2AandPP2C 
PP2A 

PP2B > PP2A >PP2C 

PP2A (trimeric) 

Acid/alkaline phosphatases 

PP1,PP2A,PP2B,PP2C 

PTPases 

PTPases 

PTPases 

H PTPases 3, UR, CD45 
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F j^; !"■ :;A complication in the case of phosphopeptides as substrates for protein 
'phosphatases is the fact that they must be phosphorylated prior to use. This is 
^normally carried out using [7-^^?] ATP as phosphate donor and a suitable 
[protein kinase as the catalyst. The latter will be chosen for its ability to 
Iphosphorylate the desired peptide, which may give rise to some problems. It 
[should be noted in this respect that the best peptide substrates for protein 
fy ^phosphatases-2A and -2C contain phosphothreonine rather than phosphoserine. 
^ ISince threonine is phosphorylated much less readily than serine by most 
£ {kinases, the preparation of large amounts of phosphothreonyl peptides is 
% fsometimes troublesome. On the other hand, it should be remembered that it 
PI imay^ot be necessary to achieve exhaustive phosphorylation of the peptide, 
§ Ihor to free the phosphopeptide of its non-phosphorylated form. It has been 
w j shown that even the presence of a large excess of the dephosphorylated 
:l ipeptide does not appreciably affect the kinetic parameters of most protein 
f iphosphatases, either serine/threonine or tyrosine specific. It is therefore com- 
% imon to use the mixture of the two forms without separation, ignoring the 
[presence of the dephosphorylated peptide, and assuming that the phbspho- 
:> ! peptide concentration corresponds to that of pP]phosphate incorporated 
i" iinto it. 



: [5.1 Use of radiolabelled peptides for protein phosphatase 
I assays 
jS.l.l Preparation 

i. jpP]Phosph6peptides to be used as protein phosphatase substrates can be 
: robtairied by incubating the peptides with the suitable protein kinases, as de- 
l. jscribed in Section 4.1. When very pure kinases are used, the incubation time 
ican be prolonged up to some hours, in order to obtain as high a phosphoryla- 
; jtion^Segree^ a^ In soine cases, the addition of a protease inhibitor 

; icocktail to the reaction mixture can help in preventing peptide degradation 
1 3 during very long incubations. Particular care should be taken in the planning 
' ipf -thej^^ avoiding the presence of any , possible 

-^.'inhibitors; of the protein phosphatase, since the phosphopeptide 'purification 

> j /Ph^^^ reactions are stopped by addition of 30% acetic acid, and 

: i separation : o phosphopeptides from [7-^^P] ATP is achieved; whenever 
■ :^appii^Bi§^^ using the AG 1-X8 chr<3matbgra^ 

; jradioadtivit^ to be quite high (2006-5000 ,cpm/pmol) 

randjmusube exactly known, since the concentration of the phosphopeptide 
will be I assumed to be equal to that of the p?P]phosphate in the peptide. 
. Af ter 'AG 1-X8 anion-exchange purification;^ the" phbsphopeptide -is^Iyophil- 
. izedi'ahdiTesuspended in the desired amountvof .water,* adjusting^the pH' if 
. .hecessary^iS ,-. ^-^ ^:- n,i.i ■ i-.]- ^1 .,*■?■!:-■.-..-. 
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Protocol 7. Radi^Dacti phosphopeptide preparation for protein 

phosphatase assay h "icm 

^Quipment and materials 

• disposable columns (e^g. Pasteur oiDettB.! . Am vo • 
plugged with glass wool, and a suitable rtl^^ I'^l''^^^^^ 
rack to hold them) " a sutiaoie m 30% (v/v) acetic acid] 

• 30% (v/v) acetic acid 

Method 

*■ Son ' °" *° ^"'"""^ the flow through 

6. Count a 20 ^1 aliquot out of the 3.5 ml by scintillation.counting " 

7. Lyoph.ll» the phosphopeptides eluted from the AG l-XS columns ' 

P^-Pf-oPePtide in water, or buffer a,' the 

S^^imni^^r:"^' (^'PiPhosphopeptide by counting 2 

consequence. ■'"7o acetic acrd to be added at step 2 will change as a 

m order to ibtein the desired conoemreMon "suspended after lyophiliMtton 

obteir. the pmol of phi^hoMMKol^neS ^f^^^^^^ (=p™./pmol) ,o 

cohcentratiiSn. ' ■ ' oontemed in 2 ^1. end herwe calculate the phosphopeptide 



5.1.2 Dephosphorylatian reaction and assay 



10: Assay of protein kinases 

tides are usually used at concentrations in the micromolar and submicromolar 
range for serine/threonine phosphatases and tyrosine phosphatase, respect- 
ively. Incubations (20-50 \iX) are stopped after the appropriate time (5-30 
niin) by addition of trichloroacetic acid. The degree of dephosphorylation is 
assessed by quantification of the amount of pP]phosphate released, after its 
conversion into a phosphomolybdate complex. The complex can be extracted 
into an organic phase that is counted for ^^P radioactivity, while the radio- 
labelled phosphopeptide remains in the aqueous phase. 



Protocol 8. Peptide phosphatase assay 



, 'Materials 

• 5% (w/v) ammonium molybdate (prepared 
as in Protocol 3) 

• TCA [trichloroacetic acid, 10% (w/v)] 

• vortex mixer or rotational shaker 



• water-saturated isobutanolAoluene (1:1) 
(prepared as in Protocol Si 

• liquid scintillation counter 



Method 

1. Stop the dephosphorylation reaction by adding 1.5 ml of 10% TCA 

plus 0.5 ml of 5% ammonium molybdate. 
.2, Add 2.5 ml of isobutanolAoluene {1:1} solution. Cap the tubes and 
1^ '1 Jshake for about 30 sec* 

h 3. Wait for the physical separation of the two phases; then withdraw 2 ml 
from the upper organic phase and count the radioactivity in 2 ml of 
. ' scintillant. . 

4.' Calculate the total amount of phosphate released by multiplying the 
cpm detected in the 2 ml by the factor 1.25. 

■ Mixing of the aqueous and organic phases can be obtained by vortexing, or on a rotational 
siiaker 



5^2C Alferaative methods for assaying protein phosphatases 
with phosphopeptides 

Phosphopeptides can also be made by chemical synthesis (38, 39), the main 
advantage being the very high yield (approaching 100% phosphorylation) and 
tp 'possibility to overcome the severe limitations imposed by the specificity 
and efficiency of the available protein kinases. The use of synthetic phospho- 
pptides may allow th^ assay of protbih phosphatase acti^aty without enaploying 
^?P, whose short half rUfe, discourages the expensive synthesis of radioactive 
, phosphopeptides that can be used for only a. limited peripd, of time. This 
requires ;the development pf -reUable and sensitive techniques for the non- 
radioactive assay of phosphate release. Many attempts to achieve this have 
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It is worth mention 

• reaction of phosphate with the reagent malachite sreen ^40 4^, . • 
metncassaywhich allows the deteclon of nanom:,irou^So/^^^^^^^^ 

• Z^zx^T:;:^, ^^r^^ thj 

continuously (42); "^yrosyi peptide, which can be followed 

adjacent to the phosphorylated sue S) ' ^Wtophan residue 
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Analysis of Protein Kinase Substrate Specificity 
by the Use of Peptide Libraries on Cellulose Paper 
(SPOT-Method) 

Werner J. Tegge and Ronald Frank 



1. introduction 

Protein phosphorylation by protein kinases is the most important regulatory 
mechanism of ceU function and signal transduction. In general, protein kinases 
exhibit specificities that are often primarily determined by the amino acids 
around^the phosphorylation sites (1), Identification of amino acids that con- 
tribute to substrate motifs are essential for the understanding of signal trans- 
duction pathways and for the development of specific peptide substrates and 
inhibitors. Many investigations with large numbers of individual peptides have 
been conducted in order to find high-affmity substrates as well as inhibitors 
(2), Peptide libraries offer the possibility to investigate the sequence depen- 
dence of the phosphorylation more thoroughly and systematicaUy and may. 
even allow the a priori delineation of peptide substrates of uncharacterized 
protein kinases. 

Recently, two new approaches have been described in this respect. Lam and 
coworkers have used one-bead one-peptide libraries of immobilized pentapep- 
tides and heptapeptides comprising millions of individual sequences (3) gener- 
ated by the method of "split synthesis" (4) (for a detailed description of the 
method see Chapter 10 in this volume). Songyang, CanUey, and coworkers 
have described an approach that uses a soluble library of 15mer peptides 
containing 8 degenerate positions adjacent to serine or tyrosine to evaluate 
substrate motifs of several serine/threonine and tyrosine kinases (5,6) 
(Chapter 1 1 in this volume). 

We have developed a new method for the systematic investigation of the 
sequence-dependent specificity of protein kinases with peptide libraries on cel- 

From: Methods in Molecular Biology; vol. 87: Combinatorial Peptide Library Protocols 
Edited by: S. Cabllly © Humana Press Inc. Totowa, NJ 
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lulose paper, which is based on the SPOT-method (7) described m detail in a 
previous volume of this series (8) (see also Chapter 4). The method allows the 
identification of the major determining amino acids of substrate motifs and the 
systematic evaluation of every position. cAMP- and cGMP-dependent protem 
kinases (hereafter termed PKA and PKG, respectively) have been used as 
model enzymes for an evaluation of our method (9), ?¥iA has a well-defined 
substrate recognition motif. Thus, the literature data could serve as a measure 
of the performance of our approach and as a valuable guide during the devel- 
opment of the assay conditions. Both kinases are closely related to each other 
and share many similar features. While PKA displays a well-defined specific- 
ity with the general motif RRXS{A)X for substrate or inhibitory peptides (10), 
PKG seems to have a less well-defined recognition sequence (11 J2). 

In our investigations we used an iterative approach of construcdng peptide 
libraries arranged in arrays of sublibraries that contain two defined amino acids 
each, similar to the mimotope strategy by Geysen et al. (13). The best amino 
acid combination from a particular array was used throughout in the next one. 
The first generation had the general structure Ac-XXX12XXX, where X repre- 
sents positions with equal distributions of all 20 natural amino acids (cysteine 
was used in its acetamidomethyl-protected form). The whole array represents a 
library of all 2.56 x 10^° possible octamers and each sublibrary with defined 
amino acids at positions 1 and 2 consists of 6.4 x 10^ sequences. Incubation 
with PKA gave a phosphorylation pattern with basic amino acids at positions 1 
and 2 (Fig. 1). The sublibrary containing arginine at both positions shows par- 
ticularly high activity. This is in agreement with results from soluble peptides, 
in which the general motif RXXRR/KXSX has been identified for this kinase. 
The two adjacent amino acids arginine-arginine in the middle seems to be the 
most strongly determining part of the whole motif. The second array had the 
general structure Ac-XXXRR12X. In this case the sequences with serine or 
threonine at position 2 gave the highest signals (Fig, 2). The discrimination of 
the enzyme at position 1 is much weaker. By applying this strategy, we have 
evaluated every position of the octameric sequence with both kinases and 
extended the sequences to decameric peptides. Promising peptides have been 
resynthesized in larger amounts by standard solid-phase peptide synthesis and 
enzyme kinetics, have been determined. The decameric sequences that we 
obtained for PKG showed substrate specificites that were better than the ones 
known at that time. Exchange of serine for alanine resulted in a PKG-inhibitor 
with high affinity and specificity (W. Tegge and W. R. G. Dostmann, unpub- 
lished results). It should be kept in mind, though, that the approach presented 
here selects for substrates with a high rather than for a low K^, which is 
desired for good inhibitors . Further N- and C-terminal extensions of the length 
of the peptides to 14mers did not improve the substrates over decamers. 
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Fig. 1. Upper: Phosphorlmager scan of the paper with the array Ac-XXX12XXX 
after phosphorylation by PKA. Four hundred sublibraries are arranged in a format of 
16 X 25. The rows are arranged in an order so that 20 consecutive spots have a particu- 
lar amino acid at position 1 , and position 2 is one of the 20 amino acids, both positions 
being varied in alphabetical order (accoiding to the single letter code). Lower: Quan- 
tified pattern of the 400 spots ftom the upper array, generated with the "Spectral- 
option of the program Corel Chart. The shading of each square corresponds with a 
linear dependence to die amount of phosphorylation of the corresponding spot on the 
paper. C* = Cys(Acm). 
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Fig. 2. Quantified pattern of the phosphorylation of the array Ac-XXXRR12X 
by PKA. 

The iterative strategy described above is only an example. Of course, other 
procedures can be used for the delineation of the peptide motif. For example, it 
may be advantageous to predefine the position and the identity (e.g., serine or 
tyrosine) of the amino acid to be phosphorylated. With libraries of the structure 
XnS and SXn and/or XnY and YXn, the relative importance of N- and 
C-terminal positions to the substrate recognition and the question of whether a 
yet uncharacterized protein kinase belongs to a family of serine/threonine or 
tyrosine kinases may be evaluated. For a detailed discussion of such strategies 
see the chapter by Frank in this series (8) and references cited therein. 

It should be considered that the SPOT procedure has a certain amount of 
scattering (up to 30%). In cases in which small differences between sublibraries 
of interest have been found, a reevaluation with an array presenting these 
sequences severalfold seems advisable before descisions about the structure of 
the next sublibrary array are being made. It should also be kept in mind that the 
amount of radioactivity incorporated into a particular sublibrary may be the 
result of the sununation of a high number of sequences with rather low speci- 
ficities rather than of a few sequences with very high activity, which is nor- 
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mally assumed for the planning of the next array. Furthermore, the signifi- 
cance of a residue at a certain position is influenced by the amino acids around 
it These aspects imply that the final ^'optimal sequence" that has been found 
by such an iriterative approach may depend on the search strategy employed 
and may not necessarily be the best possible one. It can be expected, though, 
that it contains at least the major contributors to a motif. 

Our SPOT approach has the advantage that every amino acid at every posi- 
tion of the sequence can easily be evaluated and compared without special 
technical considerations. This is important if, for example, not the identifi- 
cation of the best substrate motif but rather the largest differences between 
substrate properties for related enzymes is the major goal. Also, if more than 
one phosphorylation site is present in a sequence, their individual function as a 
phosphate acceptor needs to be evaluated. For this purpose individual spots 
can easily be punched or cut out of the array and analyzed. Peptide quantities 
per spot are in the range of 4-5 nmol, which is sufficient for microsequencmg 
and/or amino acid analysis. 

In general, for a successful application of methods based on short, linear 
peptide^^ the site of phosphorylation (or generally the chemical modification) 
and at least some of the major contributors for the recognition motif must be 
accommodated into the length of the peptide that is evaluated. It should also be 
kept in mind, that only Unear determinants are being identified. Interactions 
through secondary and/or tertiary structures that seem to be important for some 
classes of enzymes cannot be investigated with short peptides, 
ther In conclusion, the SPOT approach can be expected to be generally appli- 

e jt cable to the elucidation of protein kinase specificity and to the investigation of 

eor other enzymatic transformations. 

ture 
and 
era 



12X 



e or 
gies 



2. Materials 

The following materials and procedures work very weU with PKA and PKG. 
For other kinases certain modifications may be necessary. The quantities are 
given for an assay involving one SPOT paper of standard size (8 x 12 cm). 
With an array of 425 spots the paper contains approx 2 jimol of peptide. 

t of J SPQT papers with libraries or peptide arrays according to the desired strategy 

ries (fQr the generation of these papers see tti. 8 and Chapter 4). 

lese 2. Reaction troughs with a lid, maybe of plexiglass of adequate thickness for shield- 

e of ing against the p-radiation of ^^p, yhe inner dimensions should be sligbdy larger 

the than the paper. A very useful device is the Beta Work Box from Amersham 

the (Amersham Buchler, Braunschweig, Germany), outer dimensions 185 x 1 15 x 

80 mm, Code RPN 1539. The box can be used during the incubation and washing 
procedures of the SPOT papers and for storing the radioactive sheets. 
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3. An incubation chamber adjusted to 30X containing a rocker for agitating the 
paper in the reaction trough during the incubation with the kinase. 

4 A solution of 10 mAf ATP, 100 jiL per assay are required. Dissolve ATP diso- 
dium salt hydrate at 5.7 mg/mL in H2O. Freeze stock soluuons at -20*'C. The 
stock should not be used for more than about 4 wk. 

5 A solution of activator of suitable concentration, if required (e.g., 10 mM cAMP 
* or cGMP in H2O, always prepare fresh, because cAMP and cGMP hydrolyze 

rapidly). _ . 

6 250 mL Incubation buffer: 50 mAf MOPS,200mMNaCl, 1 mMMg Acetate, 0.4 

mMEGTA, 1 mg/mL bovine serum albumin (BSA), pH 6.9 (adjusted with \N 
NaOH). Prepare fresh. Set 8 niL of the buffer aside. 

7. [Y-32p]^Tp(5000Ci/mmol,Amersham). 

8. IL of a lAf solution of NaCl. 

9 100 mL of a stripping solution: 4 M guanidine hydrochlonde, 1% SDS, 0.5% 
p-mercaptoethanol; for the removal of background, if desired. Prepare fresh, dis- 
solve with warming. 
10. A sonication bath with adjustable temperature. 

11 Access to a Phosphorlmager or StormSystem (Molecular Dynamics, Krefeld, 
Germany) , or an X-ray film of sufficient size in combination with a flatbed scan- 
ner for the generation of a radioactivity image. 

12. The program ImageQuant (Molecular Dynamics) can be used for the quantifica- 
tion of radioactivity. The option "Spectral" of the program Corel Chart (part 
of the Corel Draw program package) can be used for a convenient graphical 
presentation of the data (5€e Fig. 1 and 2). 

3. Methods 

1 . Place the dry paper with the peptide array to be investigated into the incubation 
trough, moisten the paper with a few mL of ethanol, wash twice each with 50 mL 
incubation buffer and keep overnight in 100 mL of this buffer at room tempera- 
ture (see Note 1), 

2. Decant the buffer, add the 8 mL buffer that were set aside {see Subheading 2., 
step 6) and preincubate the paper at 30°C for a sufficient time (see Note 2). 

3 . Add 100 ^iL of 10 mM ATP and 100 ]iL each of the appropriate stock solutions of 
additional activators, if required (e.g., cAMP or cGMP) {see Note 3). 

4. Add 10-100 \iCi [y-^^pj.ATP with the appropriate safety precautions for work- 
ing with strong P-radiation. 

5. Start the reaction by adding the kinase. Distribute the enzyme in the incubation 
buffer quickly and thoroughly. Final enzyme concentrations in our assays were 
12.5 nM and 4 nAf for PKA and PKG, respectively. 

6. Incubate the mixture for 10 min at 30°C with slight agitation. 

7. Decant the buffer solution and wash the paper 10 times with 100 mL each of IM 
NaCl. 

8. Wash several times with HjO, add 100 mL of the stripping solution, and sonicate 
the paper for 1 h at 40°C to decrease the background level {see Note 4). 
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Peptide Libraries on Cellulose Paper 
9. Wash the paper several times with water and ethanol, and then dry it {see 

10 DeJer^ne the radioactivity with the Phosphorlinager or Storm system. Exposure 
* times of the screen depend on the amount of radioactivity used and mcorporated. 

Several h to I d was usually sufficient in our investigations. If no such system is 
available, use an X-ray film and scan the film after development. 

1 1 Quantify the spots with the program ImageQuant by integrating umformly sized 
' circular areas that are positioned in the centers of the spots. Transfer the data 

("sum above background," with background set to "0") to the program Corel 
Chart for a graphical presentation . 
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4. Notes 

. 1 The ethanol treatment assures a good solubilization of the peptides in the aque- 
" ous buffer. If this step is not carried out and the buffer is added to the dry paper, 
the peptide spots appear as white areas on the paper and it may take several h or 
even d until they are completely solubilized.Treatment with the incubation buffer 
overnight blocks the paper that might otherwise adsorb the kinase. If the block- 
ing is carried out for several days, it should be done at 5^C to prevent the growth 
of microorganisms, unless the buffer contains preservative. ^ , , , 

2 The wet paper contains approx 2 mL of buffer. Addition of another 8 mL bnngs 
' the volume to 10 mL. A preincubation period of at least 1 h should be used. If the 

trough has been kept at 5°C, extend that period of time. The trough has a fairly 
high heat capacity so that it takes a considerable time to warm it up to 30 C. 

3 If the catalytic subunit of PKA is being used, no cAMP or any other activator 
needs to be added. PKG contains the regulatory unit as part of the pnmaiy struc- 
ture and requires the addition of cGMP at a final concentration of 100 \M, 

4 This step may not be necessary if fresh and clean buffers and enzymes are being 
used . If small radioactive spots appear on or between the peptide spots after scan- 
ning the paper, include step 8 into the procedure. 

5. Drying can be carried out by leaving the paper uncovered for about 1 h, or if the 
process shall be speeded up, by using an electrical hair dryer. 
I 
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The Use of Peptide Library for the Determination 
of Kinase Peptide Substrates 

Zhou Songyang and Lewis C. Cantiey 
1 * Introduction 

Protein phosphorylation plays a crucial role in regulating a plethora of intra- 
cellular biological activities. Because protein phosphorylation is a reversible 
reaction, it allows living cells to reset to the basal state rapidly after stimula- 
tion. There are hundreds of protein kinases involved in this general signaling 
machinery .^ese kinases are classified into three different categories based on 
their abilities to phosphorylate serine/threonine, or tyrosine, or both residues. 
A comparison of primary sequences of protein kinases has indicated that the 
catalytic site (the kinase domain) is highly conserved, suggesting a common 
ancestor for these kinases (1) . However, different kinases have evolved to func- 
tion distinctly in response to diverse cellular stimuli. The specificities of pro- 
tein kinases has thus become a critical issue in understanding signal 
transduction. 

The specificity of a protein kinase is governed by a number of factors, 
including the intracellular localization of the kinase and its substrates. The most 
important factor is the specificity of the kinase domain. Studies of protein Ser/ 
Thr kinases, including ,cAMP-dependent protein kinase (PKA), indicate that 
the kinase domain recognizes specific primary sequences around the 
phopshorylation site (2^). 

The specificities of a few protein Ser/Thr kinases have been verified by 
amino acid substitutions on the basis of known in vivo substrates. However, 
this conventional approach has several drawbacks. First, it is extremely expen- 
sive and time-consuming to synthesize and assay all the possible substitutions. 
Since 9-12 amino acids of the substrate peptide are likely to contact the active 
site cleft of a kinase (3), there arc approx 20^^ or 10^^ distinct peptides to 

From; Methods in Molecular Biology, vol. 87: Combinatorial Peptide Ubrary Protocois 
Edited by: S. CabilJy @ Humana Press Inc., Totowa. NJ 
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consider. Second, this method is less applicable to cases in which the in vivo 
targets of protein kinases have not yet been identified. To overcome these prob- 
lems, several new strategies based on combinatorial chemistry have been used. 
One approach takes advantage of a technique that simultaneously synthesizes 
large numbers of degenerate peptides on a solid matrix (4^^ and Chapters 10 
and 12). The specificity of the assayed kinase can be deduced by decoding 
(e.g., sequencing) immobilized peptides. However, this approach may be prob- 
lematic because substrate phosphorylation on solid matrices may be different 
from that in solution. Therefore, peptide substrates identified from these meth- 
ods may not be physiologically relevant. 

We have developed an oriented peptide library technique to rapidly deter- 
mine optimal sequences for protein kinases based on a strategy similar to that 
used for Src-horaology 2 (SH2) domains (6 J). The kinase of interest is added 
to a soluble mixture of billions of distinct peptides , each of identical length and 
orientation, with only a single amino acid capable of being phosphorylated 
located in the middle. The small fraction of phosphorylated peptides is quanti- 
tatively separated from the bulk of nonphosphorylated peptides and the mix- 
ture is sequenced. A comparison of the abundance of amino acids at each 
degenerate position surrounding the phosphorylation site to the abundance at 
the same position in the starting mixture indicates preferred amino acids 
at each position. This technique not only predicts an optimal sequence from a 
single experiment without prior knowledge of in vivo phosphorylation sites, 
but also provides information about the relative importance of each position 
for selectivity and which amino acids are tolerated. In this chapter, we will 
focus on this oriented peptide library technique. 

2. Materials 
2.1, Chemicals 

2. 1. 1. Standard Reagents for Peptide Synthesis and Sequencing 
See Chapters 1 , 3, 4, 8 and 13 for details. 

2. 1.2. Protein Kinase Assay 

1. Kinase buffer for Ser/Thr kinases: 50 mM Tris-HCl, 10 mM MgClj, 1 mM 
dithiothreitol (DTT). 

2. Kinase buffer for Tyr kinases: 50 mM Tris-HCl , 10 mM MnClj, 1 mM DTT. 

3. ATP and [Y-^2P]-ATP. 

2.1.3. DEAE Column 

1. DEAEsephacel (Sigma, St. Louis, MO). 

2. 30% Acetic acid. 
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2, 1.4. Ferric Column i 

1 . Iminodiacetic acid {IDA)-coupled agarose beads (Pierce, Rockford, IL), 

2. 20 mAf Ferric chloride. 

3. BufferA:50mAfMES, 1 MNaCl,pH5.5. 

4. Buffer B: 2 mMMES. pH 6.0, or distilled HjO. 

5. BufferC:500niA/NH4HCO3,pH8.0. 

6. 100mMEDTA,pH8.0. 

2,2. Equipn^ent and Supplies 

1 . Peptide synthesizer (ABI 43 1 A) and sequencer (ABI 477 A). 

2. Peristaltic pumps. 

3. Polypropylene columns or syringes. 

4. Speed- Vac. 

3. Methods 

The method shown here has been used successfully in determining substrate 
specificities of many protein kinases. Similar to our earlier approach in deter- 
mining moJtjfs for SH2 domains (6)^ this procedure quantitatively separates 
the degenerate phosphopeptide products from the bulk of nonphosphorylated 
peptides. 

3, 7. Design of Degenerate Peptide Libraries 

Peptide libraries for protein kinases could be classified by the number of 
fixed residues. For instance, primary libraries are those that only use amino 
acids capable of being phosphorylated (Tyr, Ser, or Thr) to fix and orient the 
libraries. Secondary libraries fix additional residues that are preferred by some 
kinases (e.g., Ser-Pro for cyciin-dependent kinases). The most important crite- 
ria in designing the peptide libraries for protein kinases are the following: 

1. Proper orientation of the peptide library: for protein kinases, this is easily 
achieved because the amino acids capable of being phosphorylated (Tyr, Ser, and 
Thr) can be used to orient the library. For example, the following peptide library 
(primary library, Ser Degenerate Library) was consmicted for serine/threonine 
kinases: Met-Ala-Xxx-Xxx-Xxx-Xxx-Ser-Xxx-Xxx-Xxx-Xxx-Ala-Lys-Lys- 
Lys, where Xxx indicates all amino acids except Trp, Cys, Tyr. Ser, or Thr (7). 
Amino acids capable of being phosphorylated were omitted at all degenerate 
positions to ensure that the only potential site of phosphorylation was the Ser at 
residue 7. Each degenerate position was thus fixed relative to the Ser and the 
phosphorylated peptides were in phase when sequenced. To design a secondary 
library, a second residue in addition to the amino acid capable of being phospho- 
rylated is fixed. For example, this secondary library (Ser-Pro library) was 
constructed for cyclln-dependent kinases: Met-AIa-Xaa-Xaa-Xaa-Xaa-Ser-Pro- 
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Xaa-Xaa-Xaa-Ala-Lys-Lys-Lys, where Xaa indicates all amino acids except Trp 
andCysf/;. 

2. Selection of amino acids at the degenerate positions: As discussed above» amino 
acids capable of being phosphorylated (Tyr. Ser, and Thr) are usually avoided in 
the degenerate positions for primary libraries. However, for secondary libraries, 
Tyr, Ser, and Thr can be included in the degenerate positions because phosphory- 
lation of these residues at the degenerate position is negligible. In the case of 
Ser-Pro library, the chance of having Ser and Pro adjacent to each other at the 
degenerate positions is quite small (<5 x 18'^, -1^%). Thus, peptides phospho- 
rylated at positions other than the fixed one would not interfere with the sequenc- 
ing of oriented peptides. For all peptide libraries, Trp and Cys have been omitted 
to avoid problems with sequencing and oxidation. These two residues could be 
substituted into specific locations once the optimal peptides have been deter- 
mined. If 15 different amino acids are present in any one of the eight degenerate, 
positions {for primary libraries), the total theoretical degeneracy of the library is 
15^ = 2,562,890,625 . A primary peptide library for tyrosine kinases (Tyr-Kinase 
Substrate Library) was constructed in this fashion by except that residue 7 was 
Tyr (8), 

3 . Other general considerations: The length of the peptide libraries can vary, but the 
number of degenerate positions should not exceed 1 5 . A library of 1 5 degenerate 
positions already has 20^^ different molecules. We start with a library containing 
eight degenerate positions because four residues N-terminal and four C-terminal 
to the phosphorylation site. This is the region most likely to be involved in cata- 
lytic recognition based on the motifs that had been determined for protein kinases. 
Placing a short leading sequence before the degenerate positions is generally ben- 
eficial. Taking the Ser Degenerate Library (Met-Ala-Xxx-Xxx-Xxx-Xxx-Ser- 
Xxx-Xxx-Xxx-Xxx-Ala-Lys-Lys-Lys), for example, the Met-Ala sequence at the 
N-terminus of the peptide libraries provides two amino acids to verify that pep- 
tides from this mixture are being sequenced. Sequencing of these two residues 
also allows quantification. Similarly, the Ala at residue 12 makes it possible to 
quantify and estimate how much peptide has been lost during sequencing. The 
poly-Lys tail prevents wash-out during sequencing and improves the solubility 
of the mixture (no solubility problems occurred at neutral pH and 5 mg/mL 
concentration). 

3.2. Peptide Library Synthesis 

Synthesis of the degenerate peptide libraries is accomplished according to 
the standard BOP/HOBt coupling protocols using a Peptide BioSynthesizer 
(ABI431A). 

1 . At the degenerate positions, add equal moles of 1 5 different Fmoc-blocked amino 
acids simultaneously at a lO-fold excess to the coupling resin. The ratio of input 
Fmoc-blocked amino acids sometimes needs to be adjusted on different synthe- 
sizers to achieve an even distribution of degenerate amino acids. 
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2. Deprotect and cleave the resins by trifluroacetic acid (TFA). 

3 . Sequence the peptide libraries to confirm that all amino acids are present at simi- 
lar amounts (within a factor of 3) at all degenerate positions. 

3.3. Protein Kinases: Preparation and Kinase Assays 

Protein kinases used in this study can be obtained through different sources 
(see Note 1), Kinase reactions can be performed with soluble or immobilized 
kinases. 

1 . Add the protein kinase to 300 fiL of solution containing 1 mg of degenerate pep- 
tide mixture, 100 \iM ATP with a trace of [y-^^PJ-ATP (roughly 6 x 10^ cpm) in 
kinase buffer. 

2. Incubate at 25-30*'C for 2 h to phosphorylate roughly 1 % of the peptide mixture. 

3. Terminate the reaction with the addition of acetic acid to a fmal concentration 
of 15%. 

3.4. Phosphopeptide Separation 

3.4. 1. Purification of Peptide Libraries on DEAE Column 

-A 

After an incubation period at 25*^0, the peptide supernatant is removed and 
diluted with 300 fiL of 30% acetic acid. 

1 . Add the mixture to a \-mL DEAE-sephacel column previously equilibrated with 
30% acetic acid. 

2. Elute the column with 30% acetic acid (9). Discard the first 600 |iL flow through 
and collect the next 1 mL {see Note 2). 

3. Lyophilize the collected fraction on a Speed- Vac. 

3.4.2. Ferric Chelation Column 

A ferric chelation column (IDA beads) is used for separation of 
phosphopeptides {see IJfote 3). This column has been used in the past to sepa- 
rate tryptic phosphopeptides of phosphorylated proteins from the bulk of 
nonphosphorylated tryptic peptides (10 Jl). However, we discovered that in 
order to accomplish a quantitative removal of the nonphosphorylated peptides 
from the phosphopeptides without loss of a subfraction of phosphopeptides. it 
is necessary to change the loading and elution conditions from published pro- 
cedures. A typical running profile is shown in Fig. 1. 

1 . Charge a -l-mL column of IDA beads with 5 mL of 20 mAf ferric chloride at 0.5 
mL/min. 

2. Wash with 8 mL of water at I mL/min. 

3. Wash with 6 mL of buffer C at 1 mL/min. 

4. Wash again with 6 mL of water. 
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Fig. 1. Quantitative separation of nonphosphorylated and phosphopeptides on a 
ferric-chelating column. Approxinoiately 1% of the peptides in the Tyr-Kinase Sub- 
strate Library were phosphorylated by polyoma middle T/pp60c-src, After separating 
the [y-^^PyATP from the peptides on a DEAE-Sephacel column, the peptide mixture 
was loaded on a column of ferric-IDA beads (see Methods). The column was eluted 
with 5 mL of buffer A, 5 mL of buffer B, 4 mL of buffer C, and 2 mL of 100 mM 
EDTA (pH 8.0). All elutions were at 0.5 mL/min and 0.5-mL fractions were collected. 
The amount of peptide at each fraction was estimated by absorbency at UV 280 nm 
(fractions 1-10) and phosphopeptide was estimated by radioactivity. Less than 0.1% 
of the total nonphosphorylated peptides eluted at fractions 11-14 as judged by Tyr at 
cycle 7 in the sequence of this mixture. Greater than 90% of the radioactivity applied 
eluted in fractions 11-14. 



5 . Equilibrate with 6 mL of buffer A . 

6 . Dissolve the dried sample of pepdde/phosphopeptide mixture in 200 fiL of buffer 
A and load onto the ferric column. 

7. Wash the column with 5 mL of buffer A followed by 5 mL of buffer B or HjO at 
0.5 mL/min. 

8. Elute the phosphopeptides with 4 mL of buffer C. 

9. Elute Fe*3 ^ijj, jqq mAf EDTA, pH 8.0. 

10. Collect the buffer C eluaie, which contains phosphopeptide » and lyophilize sev- 
eral times to get rid of most of die ammonium bicarbonate salt. Resuspend the 
phosphopeptide mixture in water, adjust to neutral pH, and sequence. 
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3.5. Sequencing and Data Analysis 

Sequencing of the phosphopeptide mixture reveals the abundance of amino 
acids at each degenerate position. It is also necessary to sequence the original 
peptide library mixture. To determine the optimal peptide motif for a protein 
kinase, in theory, the abundance of each amino acid at a given cycle in the 
sequence of the phosphopeptide mixture could be divided by the abundance of 
the same amino acid at the same cycle of the starting mixture. In this way, 
variations in the abundance of amino acids at a particular residue (i.e., residue 
3, the first degenerate residue) in the starting mixture or variations in yield of 
amino acids in the sequencer are divided out. If the kinase is insensitive to the 
amino acid at residue 3 (i.e.» four residues N-terminal of the phosphoserine), 
then the relative abundance of all amino acids at this cycle in the 
phosphopeptide mixture will be the same as in the starting mixture, and all bars 
in the graph will have equal height. 

In some experiments in which only approximately 0.5% of the total mixture 
is phosphorylated, a correction should be made for the '-0.1% of the 
nonphosphorylated peptides that are eluted with buffer C. The contamination 
with noi^hosphorylated peptides can be estimated from the quantity of Ser (or 
Tyr) at cycle 7 since residues do not show up if phosphorylated. Control 
experiments are conducted in which the peptides are subjected to a mock phos- 
phorylation. The same column protocol is used and the fractions in which 
phosphopeptides usually elute are collected and sequenced. These fractions 
are usually rich in Asp and Glu at every degenerate cycle, presumably owing to 
interaction of these residues with the Fe^"^. The amino acid abundance at each 
cycle from this control is subtracted from the kinase experiment to correct for 
the background. To calculate the relative preference of amino acids at each 
degenerate position, the corrected data are then compared to the starting mix- 
ture to create the ratios of abundance of amino acids. The sum of the abun- 
dance of each amino acid at a given cycle is normalized to 15 or 18 (the number 
of amino acids present) so that each amino acid would have a value of 1 in the 
absence of selectivity at a particular position. In theory, any value greater than 
I should indicate preference for the corresponding amino acid. However, 
because of the complexity of the data and calculation, we found that values 
higher dian 1.5 are generally reliable. The whole process is summarized as 
following: 



i sev- 
id the 



1 . Nomialize the amount of each amino acid at the degenerate positions: we rou- 
tinely normalize the total amount of amino acids (in picomoles) of a degenerate 
position to that of the first degenerate position. 

a, P(ij) indicates amount for amino acid j at position i for the kinase experiment. 



613 998 4926 TO 17188899320 



P. 10 

i 



94 



Songyang and Cantley 



b. indicated normalized P(ij). 

c. P/i(ij) = P(ij)xSum(Pl)/Sum(Pi); 

2. Normalize sequences of the control experiment and original peptide library as in 
stepl. 

a. cn(ij) indicates the normalized amount for amino acid j at position i in the 
control experiment. 

b. Rn(iji) indicates the normalized amount for amino acid j at position i in the 
original peptide library. 

3 . Subtract the control experiment values from die kinase experiment: P/i(ij) - Kx C/i(ij); 

can be calculated by the relative amount of fixed Ser or Tyr, K = /'(ser)/C(ser). 

4. Calculate the relative abundance i4(ij) = [P/i(ij) - K x Cn(ij)]/^/i(ij). 

5. Normalize to the total number of amino acids included at the degenerate posi- 
tion: i4/i(ij} = A(ij) X 18/Sum[Aij]. An{ij) represents the enrichment value for 
amino acid j at position i. 

After the calculation, graphic plots show^ing enrichment values of amino 
acids at all degenerate positions can be generated to reveal the substrate 
preference for individual protein kinases. In Fig. 2, the specificity of PKA 
determined with the primary Ser degenerate peptide library (MAXXXXSXX- 
XXAKKK) was plotted using the Kaleidagraph program. Ultimately, confi- 
dence in this procedure is provided by the reproducibility of the results obtained 
with a given kinase and by consistency of predicted optimal substrates with 
known substrates of the same protein kinases. 

3.6. Using the Predicted Optimai Peptide Substrates to Study 
Signai Transduction by Protein Kinases 

3,6. 1. Predicting Kinase Substrates 

The optimal substrates deduced from this method ate extremely useful in 
predicting the in vivo targets of various protein kinases. In particular, this 



Fig. 2. (see opposite page) Substrate specificity of cAMP-dependent protein kinase 
detected by the degenerate peptide library. The phosphopeptide produced by phospho- 
rylating the Ser-Kinase Substrate Library with PKA were sequenced. Each box indi- 
cates the relative abundance of the 15 amino acids at a given cycle of sequencing. For 
example, box A is cycle 3, the first degenerate position in the library mixture. Cycle 7 
(not shown) is the site of phosphorylation (phosphoserine). Therefore, boxes A, B, C, 
and D indicate amino acid preferences at -4, -3, -2, and -1 N-terminal of the phos- 
phorylation site and boxes E, F, G, and H indicate preferences at +1 , +2, +3, and +4 
C-lerminal of the phosphorylation site. The columns represent average values from 
two independent experiments. The bars indicate the differences between the two 
experiments. Abbreviations for amino acid residues are: A, Ala; D, Asp; E, Glu; F, 
Phe; 0, Gly; H, His; I, He; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg*; s! 
Ser,T.Thr; V,Val; Y.Tyr. 
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method can rapidly identify the optima! peptide substrates of a kinase without 
previous knowledge of the kinase. One can take these optimal peptide 
sequences to search protein databases using Blast, Fasta, or Findpattems in the 
Genbank GCG program (GCG). Matched proteins are likely in vivo substrates 
of the kinase studied. Meanwhile, one can also scan the sequence of a protein 
to see whether it contains any potential phosphorylation sites for a given pro- 
tein kinase. Both approaches provide a shortcut in understanding signaling 
pathways regulated by the protein kinases. 

3.6.2. Developing Inhibitors of Protein Kinases 

The predicted optimal peptide substrates can facilitate the design of inhibi- 
tors of protein kinases. First, peptide or peptide mimetic inhibitors can be made 
based on the optimal peptides. Second, the optimal peptides can be used as 
specific probes to screen chemical libraries for potential inhibitors. Moreover, 
structural analysis of kinases complexed with their optimal peptides would also 
assure a basis for modeling and designing drugs that specifically intervene in 
protein kinase-mediated signaling. 

4. Notes 

1. Most commonly, the kinases of interest are overexpressed as recombinant pro- 
teins in bacteria and eukaryotic cells. For most kinases, expression in insect cells 
(sf9 cells) using baculovimses is desirable and often- yields active enzymes. 
Expressed protein kinases can be purified by conventional liquid chromatogra- 
phy (e.g., FPLC), affinity chromatography, or simple immunoprecipitation. The 
amount of enzyme required to phosphorylate enough peptides for sequencing 
varies and depends on the specific activity of individual kinases. In general, we 
use microgram quantities of kinases in our experiments. 

2. Under these conditions, peptide mixtures are in the void volume because of their 
poly-Lys tail, while ATP and denatured protein kinases are retained on the col- 
umn. In initial experiments the fractions from the colunrn were analyzed for pep- 
tide, phosphopeptide, ['y-32p].ATP, and ^^po^ by phosphocellulose {P81) paper, 
TLC, or SDS PAGE. It was determined that after the first 600 \iL void volume, 
the next I mL contained both phosphorylated and nonphosphorylated peptides 
but was free of [y-^^pj.^jp § j^^^g peptide fraction is free of [y'^^?]'ATP, the 
radioactivity in this fraction provides an initial estimate of the fraction of the 
total peptide mixture that was phosphorylated. 

3. Although the feme chelation column efficiendy separates phosphorylated pep- 
Udes from the unphosphorylated species, a small percentage (-0.1 %) of degener- 
ate unphosphorylated peptides rich m acidic amino acids are also copurified 
because these peptides can bind weakly to the ferric column. This could be a 
problem for peptide libraries for which acidic residues (Asp and Glu) are fixed. 
In order to lower the background, acidic residues should be avoided at the fixed 
positions of peptide libraries. If acidic amino acids must be included at the 
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thout fixed positions, one couid increase the pH of buffer A to 6.5 and reduce the 

3tide volume of IDA beads. 

n the It is important to purify enough phosphopeptides (e.g., up to 1% input pep- 

rates tide library) for sequencing such that phosphorylated peptides are in great excess 

Otein of the contaminating unphosphorylated peptides. In a reaction in which I % of the 

pj-Q. peptide mixture is phosphorylated, the total quantity of phosphopeptides is ( 1 .8 

g^jj^j^g mM) x; (0.3 mL) x (0.01) = 5.4 nmol. Typically, about 1-2 nmol of phospho- 

peptide mixture is added to the sequencer. This means that in a cycle in which 
all 15 residues are equally abundant, the yield of each amino acid is (I nmol) x 
(l/15) = 60pmol. 
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[6] Deteclion and Identification of Substrates for Protein 
Kinases: Use of Proteins and Synthetic Peptides 

By LoRENTz EngstrOm, Pia Ekman. Elisabet Humble, 
Ulf Ragnarsson, and Orjan Zetterqvist 

Two types of intracellular phosphoproteins are known: enzymes that 
are intermediately phosphorylated at their active sites and proteins that 
are phosphorylated by protein kinases on serine, threonine, or tyrosine 
residues. In both cases the proteins are phosphorylated after their syn- 
thesis. 

Intermediate phosphoryl enzymes are formed rapidly, usually within 
milliseconds, on incubation of the enzymes with their substrates. At the 
active sites of phosphoglucomutase and alkaline phosphatase, a serine 
residue is phosphorylated, whereas in all other known cases a histidine, a 
glutamic acid, or an aspartic acid residue is the acceptor of the phosphoryl 
groups.' 

When phosphoproteins are formed through the action of protein ki- 
nase's, steady-state levels are usually reached only after several minutes. 
This type of phosphorylation mainly takes place on serine residues, while 
phosphorylation on threonine residues represents a minor fraction. Fairly 
recently, the phosphorylation of tyrosine residues by specific protein ki- 
nases has been described, both in normal cells and after infection with 
tumor virus. The amount of tyrosine-bound phosphate in normal cells is 
very low^ compared with that of serine- and threonine-bound phosphate, 
which in several mammahan tissues is about 0.5-1.0 /u-mol per gram of 
wet tissue.^ "* 

Since the detection of a protein kinase in 1954,^ several different pro- 
tein kinases and their substrates have been found in a number of tissues 
and cell fractions. The enzymes differ with regard to substrate specificity 
and factors that influence their activity , as seen in the table. In the present 
chapter, the detection and use of substrates for protein kinases active on 
serine and threonine residues will be discussed, with emphasis on sub- 
strates and kinases present in mammalian tissues. 

' M. WcUer, in "Protein Phosphorylation," p. 163. Pion. London, 1979. 
^ T. Hunter and B. M. Sefton, Proc, Natl Acad. Sci U.SA, 77, 131 1 (1980). 
' T. A. Langan, in "Regulation of Nucleic Acid and Protein Biosynthesis," BBA Library, 

Vol. 10, p. 233. Elsevier, Amsterdam. 1967. 
* H. Forsber^g, O. Zetterqvist, and L. EngstrSm, Biochim, Biophys. Acta 181, 171 (1969). 
5 G. Burnett and E. P. Kennedy, J. BioL Chem. 211, 969 (1954). 
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Detection of Protein Phosphorylation in Crude Tissue Extracts 

The search for a particular protein phosphorylation can be made with 
use of whole animals, perfused tissues, intact cells, cell, fractions, or 
crude tissue extracts. Although with intact cells there may be a lower risk 
of artifactual phosphorylation, crude tissue extracts usually offer a more 
convenient system for an initial scanning. In this section, experiments on 
crude extracts will be described. Phosphorylation in intact cells is dis- 
cussed in a later section. 

The crude tissue extract may consist in isolated cell supernatant or 
extracts of the particulate cell fractions. When the extracts are incubated 
with [7-^2p]ATP and Mg^^, considerable incorporation of ^diphosphate 
into proteins occurs, owing to the presence of protein kinases and endoge- 
nous substrates. This has been illustrated in experiments with rat liver cell 
sap.^ A fairly large incorporation of triphosphate, i.e., near 1 nmol per 
milligram of cell sap protein, has been observed after incubation with 5 
roM pd]ATP for 60 min at 30**. By incubation of the same material for a 
short period at low temperature, e.g., 15 sec at 0°, the incorporation of 
pPJphosphate into intermediate phosphoryl enzymes can be estimated, 
as was demonstrated for rat liver cell sap. This incorporation is of a much 
lower degree than that due to the protein kinase reactions and amounts to. 
about 0.04 nmol per milligram of cell sap protein. 

A significant part of the ^^-labeling is accounted for by a few, rela- 
tively abundant proteins. However, the detection of phosphorylation of a 
particular, minor component may be of equal interest. This usually re- 
quires a highly efficient separation method, such as the two-dimensional 
polyacrylamide gel electrophoresis of OTarrelL^ In the few cases in 
which the phosphoprotein is identified and specific antibodies are avail- 
able, immunoprecipitation followed by one-dimensional polyacrylamide 
gel electrophoresis in sodium dodecyl sulfate may be used. 

To achieve detectable ^^-labeling of as many phosphoproteins of the 
extract as possible, several aspects have to be considered. 

1. Although the apparent with respect to ATP is rather low (IQ-^ 
to lO"** M) for a number of protein kinases, the concentration of pPJATP 
should initially be in the millimolar range to allow extensive ^^F labeling 
before the ppjATP is hydrolyzed by ATP hydrolases. 

2. To detect phosphorylation of a minor protein, the specific radioac- 
tivity of the [52p]ATP should be high enough to give a detectable spot on 

* 0. Ljungstrom and L. Engstrom, Biochim. Biopkys, Acta 336, 140 (1974). 
^ 0. Zetterqvist, Biochim. Biophys. Acta 141, 533 (1967). 
« P. H. O'Farrell, J. Biol, Chem, 250. 4007 (1975). 
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an autoradiogram of a polyacrylamide gel electrophoresis. With enforcing 
screens and preexposure of the film with a photo flash, about 50 dpm of 
per square centimeter is detectable in 24 hr.^ A specific radioactivity of 
20 dpm/pmol would then permit the detection of a compound representing 
1/1000 of the ^^P-labeled phosphoproteins of cell sap from 1 mg of liver 
tissue {i.e., from about 50 fxg of cell sap protein), 

3. Allowance should be made for the endogenous ATP present in the 
extract, if this compound has not been removed on a Sephadex G-50 
column. 

4. The specific radioactivity of the [^2p]ATP will decrease during the 
incubation, owing to the action of ATP hydrolases and adenylate kinase. 
To permit true estimates of the phosphorylation, ppjATP therefore has 
to be isolated and the specific radioactivity of the -y-phosphorus deter- 
mined.^ 

5. Phosphorylated or phosphorylatable sites may be more sensitive to 
proteolysis than the rest of the protein Inhibitors of proteolytic en- 
zymes should therefore be added to the incubation mixture to reduce this 
risk. 

6. Phosphorylatable proteins may have been partially phosphorylated 
in the celj. Thus a small or slow incorporation of [^^P] phosphate might be 
due to the presence of bound, nonradioactive phosphate at the beginning 
of the incubation, and the observed ^^P labeling will rather be a conse- 
quence of the turnover of the phosphate caused by the activity of phos- 
phoprotein phosphatases present in the system, - 

The method of interruption of the phosphorylation greatly influences 
the amount and type of p^pjphosphoproteins obtained. When further 
studies on native phosphoprotein are to be made, the reaction may be 
interrupted by the removal of free Mg^"^ with EDTA. Phosphoprotein 
phosphatases may be inhibited by sodium fluoride or orthophosphate." 
The ^^P-labeled phosphoproteins are separated from most of the low mo- 
lecular weight, ^2P-Iabeled compounds by rapid gel filtration. It is impor- 
tant to keep in mind', however, that considerable amounts of these com- 
pounds may be adsorbed to the protein of crude extracts after the gel 
filtration. To obtain reliable estimates of the true protein phosphorylation. 



^ R. A. Laskey and A. D. Mills, FEBS Lett, 82» 314 (1977). 
G. BerBStram, P. Ekman, E. Humble, and L. EngstrQm, Biochim. Biophys, Acta 532, 259 
(1978). 

T. S. Ingebritsen and D. M. Gibson, in "Recently Discovered Systems of Enzyme Regula- 
tion by Reversible Phosphorylation" (P. Cohen, ed.), p. 63, Elsevier/North-Holland. 
Amsterdam. 1982. 
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addition of EGTA. The concomitant inhibition of the phosphorylation of 
the unidentified protein will give an indication as to which protein kinase 
is active. 

Addition of Purified Protein Kinases 

If the phosphorylation of an endogenous protein is enhanced by the 
addition of a purified kinase preparation, this indicates that the corre- 
sponding protein kinase is responsible for the phosphorylation of that 
protein when studied in the crude extract. However, it should be kept in 
mind that many proteins are phosphorylated by more than one protein 
kinase, as has been most clearly demonstrated for rabbit muscle glycogen 
synthase (see the table). In such cases, it seems to be common that 
different residues are phosphorylated by the different protein kinases. 
One way to establish that different residues are involved is to compare the 
patterns of the [^^P]phosphopeptides obtained after degradation by pro- 
teolytic enzymes and by partial acid hydrolysis. 

Tissue Distribution of a Protein Kinase Active on an 
Identified Substrate 

If^the substrate of a protein kinase has been identified and is available 
for enzyme assays, while the protein kinase itself is unidentified, investi- 
gation of the tissue distribution of the protein kinase activity**-^' may 
facilitate the latter identification. This approach was used to identify the 
calcium-activated, phospholipid-dependent protein kinase described by 
Nishizuka and collaborators^ as one of the enzymes that phosphorylates 
human fibrinogen.^ 

Identification of Natural Substrates for Protein Kinases 

Preliminary Characterization of a Phosphorylatable Component 

Some guidance for the identification of phosphorylatable proteins may 
be obtained from the estimation of their native and subunit molecular 

C. MDstein and F. Sanger, Biochem, i. 79, 456 (1961). 
'« J. F. Kuo and P. Greengard, Proc, Natl. Acad. Sci. U.SA. 64, 1349 (1969). 

J, F. Kuo, Proc. Natl. Acad. Sci. U.SA. 71, 4037 (1974). 
^J. F. Kuo, R. G. G. Andersson, B. C. Wise, L. Mackerlova, I. Salomonsson, N. L. 

Brackett, N. Katoh, M. Shoji, and R. W. Wrenn, Proc. Natl. Acad. Set. U.SA. TI, 7039 

(1980). 

^' R. Minakuchi, Y. Takai, B. Yu, and Y. Nishizuka, 7. Biochem. {Tokyo) 89, 1651 (1981). 
^ Y. Takai. A. Kishimoto, Y. Iwasa, Y. Kawahara, T. Mori, and Y. Nishizuka. 7. Biol. 

Chem. 254, 3692 (1979). 
^ P. Papanikolaou, E. Humble, and L. EngstrSm. FEBS Lett. 143, 199 (1982). 
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weights, e.g., by gel chromatography and by polyacrylamide gel electro- 

ntHrn/h '"'^'^•^ ""^^^ ^^^"""8 ^°"ditions, resp^^ 

lively. Other properties may also be investigated, e.g., their behavior in 
ion-exchange chromatography in different systems or the isoelectric poim 
as determined by isoelectric focusing or chromatofocusing 

The amountof the phosphorylatable component is also useful for its 
Identification. This may be estimated from the maximal pPjphosphate 
incorporation obtained, under the assumption that only one phZha e 
group IS incorporated per subunit. ffwpnaie 
it. ^^'"^^^ Pl^^sPhorylatable protein is an adaptive enzyme, some clues to 

^n^^TlT ^ r^'^'^ experimental animals with 

different diets and then determining the amounts of phosphorylatab e 
proteins. The tissue distribution and subcellar location of the phosphory- 
latable component may also be helpfulin the identification. ^ ^ 

Identification from Known Hormonal Effects 

inf^tnf''^ hormones at the molecular level is to increase the 

m^acellular concentration of cyclic AMP, whose main, or perhaps sole 

S iKr""'.' "'"ri" '^^'^"^ AMP-dependent protein kin^e 
■IJie physiological actions of these hormones are thus exerted through 
phosphorylation of specific proteins. An unknown substi^te of cycS 
AMP-dependent protein kinase in a tissue should thus be related to some 

S^"The-i".«'f '''.1^ ^'^''"^ on the tissue via cychc 

Py"^^'« '^n^e type L as a substraL of 
n.^L^^lf''"'''^ protein kinase was facilitated by this appS 

?MP f„ Tk". ' T" •'^^ concentration of cyclic 
AMPm the Iiver. An important physiological effect of glucagon is to raise 
the level of blood glucose. This is accomplished partly by incre^ng^^e 
mobilization of glycogen and partly by stimulating gluconeogenSX A 
an increased synthesis of phosphoenolpynivate from pyruvafe ^* SnM, 
basis, a protem m rat liver cell sap that was found^to be phosphorylated 

weSt a^d?"'' ^"'^ ''•^ subunit moKi 

weight and approximately the same concentration as pyruvate kinase 
could be identified as this enzyme. pyruvate Kinase 

In a similar way, Avruch and coUaborators have identified a protein of 
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Studies of Amino Add Sequences as a Means of Identifying 
Protein Substrates ' 
A number of substrates of cyclic AMP-dependent protein kinase, e.g., 
pyruvate kinase, glycogen synthase, and phosphorylase kinase show sim- 
ilarities between their phosphorylated sites (see the table). Concerning 
liver pyruvate kinase, it has been found that the native conformation of 
the enzyme is not a prerequisite for phosphorylation, since both alkali- 
inactivated enzyme and a cyanogen bromide fragment from the same 
protein are phosphorylated at a greater rate than the native enzyme, 
although the final degree of phosphorylation is the same.^^ These observa- 
tions initiated phosphorylation experiments with synthetic peptides repre- 
senting part of the phosphorylalable site of pyruvate kinase, in which the 
essential role of the amino acid sequence around the phosphorylatable 
amino acid residue was demonstrated. Thus, by studying known primary 
structures of proteins, it should be possible to find substrates of cyclic 
AMP-dependent protein kinase. This method led to the finding that fibrin- 
ogen is a substrate in vitro of cyclic AMP-dependent protein kinase." 

However, the mere existence of a favorable amino acid sequence in a 
protein^oes not make it a protein kinase substrate. Another prerequisite 
is that the phosphorylation site be accessible to the protein kinase. In fact, 
a protein may be made phosphorylatable to a certain extent by denatura- 
tion.^ Obviously, caution is needed in the interpretation of phosphory- 
lation in vitro. Eventually, its occurrence in always has to be con- 
sidered. 



Synthetic Peptides as Substrates of Protein Kinases 

pPJPhosphopeptides were derived from phosphorylated pig and rat 
liver pyruvate kinase-^-^ and shown to exhibit one distinct feature, 
namely, two vicinal arginine residues. This feature, together with results 
from experiments with denatured pyruvate kinase,^* induced our group^' 



26 E. Humble, L. Berglund. V. Titanji, 0. Ljungsirdm, B. Edlund, O. ZeUerqvist, and L, 

Engstrdm, Biochem. Biophys. Res. Commim. 66, 614 (1975). 
" L. EngstrOm, B. Edlund, U. Ragnarsson, U. Dahlqvisl-Edberg. and E. Humble, Biochem, 

Biophys. Res. Commun. 96, 1503 (1980). 
» D. B. Bylund and E. G. Krebs, /. Biol. Chem. 250, 6355 (1975). 
» 0. Hjelmquist, J. Andersson, B. Edlund. and L. EngslrSm, Biochem. Biophys. Res. 

Commun. 61, 559(1974). 
» B. Edlund, J. Andersson, V. Titanji, U. Dahlqvist, P. Ekman, 0. ZeUerqvist, and L, 

EngstirOm, Biochem. Biophys. Res. Commim. 67, 1516 (1975). 
" C. Zetterqvist, U. Ragnarsson, E. Humble, L. Berglund. and L. Engstrdm, Biochem. 

Biophys. Res. Commim. 70, 696 (1976). 
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and other investigators^^ explore synthetic peptides based on the phos- 
phorylatable site of h'ver pyruvate kinase. 

Peptide Synthesis 

Synthesis of peptides consisting of up to about 10 amino acid residues 
can conveniently be carried out by the solid-phase raethod.^^ jy^^ ^^^^y 
and simple manual version^* is quite satisfactory as long as only a moder- 
ate number of peptides are required, and it is very suitable for gaining 
some practical experience of solid-phase peptide synthesis.^^ If large se- 
ries of peptides are required, however, the synthetic manipulations can be 
speeded up considerably by using an automatic synthesizer. 

Synthesis of Leu-Arg-Arg-Ala-Ser-Val-Ala, As an example, the syn- 
thesis of a heptapeptide, representing the phosphorylatable site of rat 
liver pyruvate kinase, will be described in some detail. 

Chloromethyiated, 1% cross-linked polystyrene (Biobeads, Bio-Rad) 
is esterified with Boc-alanine.^^'^^ This resin, 1.75 g, containing 0.400 
mmol of Boc-Ala, is loaded into the reaction vessel of a Beckman Model 
990 peptide synthesizer. The Boc group is removed by exposure to a 
solution of 33% trifluoroacetic acid in dichloromethane for 30 min. Free 
amino groups are liberated by neutralization with 10% triethylamine in the 
same solvent for a total of 10 min. After further careful washing with 
CH2CI2, the next amino acid, valine, is attached as its Boc derivative (2.5 
equivalents) in CH2CI2 with the aid of dicyclohexylcarbodiimide (also 2!5 
equivalents) for 2 hr. To ensure the highest possible yield in this step, the 
coupling is repeated once with the same amounts of fresh reagents before 
proceeding. 

The protecting Boc group is removed from the valine residue as de- 
scribed above and the next amino acid, serine, is attached, using the 
conditions described above. The serine derivative used is Boc-Ser (Bzl) 
SimHariy, Boc-Ala. Boc-ArgCNOj) (twice), and Boc-Leu are added. As 
Boc-Arg(N02) does not dissolve in CH2CI2, a mixture of dimethylforma- 
mide and CH2CI2 (2 and 9 ml, respectively) is used in these coupling steps. 

The peptide is cleaved from the resin with liquid hydrogen fluoride " 
Simultaneously, the groups protecting the side chains are removed from 
the peptide. After extraction of the polymer with 10% acetic acid, the 
peptide solution is lyophilized. 

(m7) ^' ^' ^' ^""^ ^' ^' ^"^^^^ ^' ^'o^' CAem. 252, 4888 

R. B. Memfield, J. Am. Chem. Soc. 85, 2149 (1963). 
^ R. B. Memfield. Biochemistry 3, 1385 (1964). 

" cisJi-.'^r,S' m • '^"'"^ ^" 
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An aliquot (about 100 mg of the product) is subjected to chromatogra- 
phy on a 1.4 X 16 cm column of carboxymethylcellulose. After equili- 
bration with an ammonium acetate buffer, pH 5.5, 0,025 Af in ammonium 
ions, elution is performed with a 600-ml linear gradient of 0.025 to 0.25 M 
ammonium acetate, at a flow rate of about 20 ml/hr. The peptide, which 
appears in the middle of the gradient, is traced by its absorbance at 235 
nm, appropriate fractions are lyophilized, the residue is dissolved in wa- 
ter, and the solution is again lyophilized to give about 50 mg of a crystal- 
line material. This preparation initially contains insignificant amounts of 
ammonium ions as seen at amino acid analysis. A typical analysis gave 
Arg 2.03, Ser 0.96 (after correcting for 1 1% decomposition during the acid 
hydrolysis), Ala 2.00, Val 0.99, Leu 1.01, and a peptide content of 62%. 

The purity of this and similar peptides can be fijrther determined by 
HPLC. The basicity and hydrophilicity of the peptide require a specially 
designed ion-pair chromatographic system.^^ Incidentally, the same sys- 
tem can be applied to separate the peptide from the corresponding phos- 
phopeptide and also to separate different phosphopeptides from each 
other.^^ 

Minimum Peptide Substrates for Cyclic AMP-Dependent 
Protein Kinase 

Smaller peptides, lacking N-terminal Leu, Leu- Arg, and Leu-Arg-Arg 
or C-terminal Ala and Val- Ala, can be similarly prepared and assayed as 
substrates for the cyclic AMP-dependent protein kinase. With use of a set 
of these peptides, the peptide Arg-Arg-Ala-Ser-Val was shown to repre- 
sent the minimum substrate phosphorylated at a significant rate.^' 

By a similar approach, a second type of substrate of cyclic AMP- 
dependent protein kinase, based on the sequence of a fragment from the )3 
subunit of phosphorylase kinase,^^ has been explored.^" In this case, the 
minimum substrate proved to be Arg-Thr-Lys-Arg-Ser-Gly-Ser-Val (Ser 
at the seventh position being phosphorylated). Although the two arginine 
residues of this peptide were not located next to each other, both were 
apparently essential to the phosphorylation, as shown by the substitution 
of glycine for either arginine residue. In addition, substitution of glycine 
for the lysine residue showed that the lysine was also of significance to the 
phosphorylation, although the influence of this exchange on the apparent 

was less than with the arginine residues. The second hydroxyamiiio 

^ B. Fransson» U. Ragnarsson, and O. Zetierqvist, /. Chromatogr. 240, 165 (1982). 
" B. Fransson, U. Ragnarsson, and 0. Zetterqvist, Anal, Biochem. 126, 174 (1982). 
« S. J. Yeaman, P. Cohen, D. C. Watson, and G. H. Dixon, Biochem. J. 162, 411 (1977). 
» O. Zetterqvist and U. Ragnarsson. FEBS Leu, 139, 287 (1982). 
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acid, threonine, on the other hand, seemed to be replaceable without 
significant changes of the kinetic parameters. 

Cyclic GMP-Dependent Protein Kinase 

The specificity of cyclic GMP-dependent protein kinase, obtained 
from pig lung,"" has also been investigated with use of synthetic pep- 
tides.'"''*^ This enzyme seems to have structural requirements that are 
similar, although not identical, to those of cyclic AMP-dependent protein 
kinase. One observed difference is that, for a significant rate of phosphor- 
ylation, the cyclic GMP-dependent protein kinase seems to require two 
amino acid residues C-terminal to the phosphorylatable serine, compared 
with only one in the two minimum peptides for cyclic AMP-dependent 
protein kinase. 

Techniques for Quantification of Phosphorylation of Proteins and 
Synthetic Peptides 

Proteins 

Incubation Mixtures. The concentration of protein in crude extracts 
may amount to about 10-15 mg/ml. When purified protein substrate is 
used, a practical concentration is around 2 mg/ml, or 50 pM. A specific 
radioactivity of ppj^^^p of about 20 dpm/pmol for the y-phosphorus and 
a 5 mM concentration of free Mg2+ are generally adequate. Several types 
of buffers have been used,^^ although in some cases orthophosphate has 
been shown to inhibit protein kinase activity.'''* However, in crude ex- 
tracts this inhibition may only be apparent, since orthophosphate inhibits 
phosphoprotein phosphatase and will retard the removal of unlabeled 
phosphate present in the protein in vivo. 

For experiments with the Ca2+, calmodulin-activated protein kinase, 
50 fiM Ca2+, and 0.57 fiM calmodulin (10 fxg/wl) may be used. The cyclic 
nucleotide-dependent protein kinases need about 1 fiM cAMP or cGMP in 
a system with purified substrate and protein kinase. This concentration 
should be increased to 100 fiM if the incubation mixture is suspected to 
contain diesterase activity, which hydrolyzes the cyclic nucleotide. The 

** K. Nakazawa and M. Sauo, 7. Biol. Chem. ISO, 7415 (1975). 

T, M. Lincoln and J. D. Corbin, Froc. Natl. Acad. Sci. U.S. A. 74, 3239 (1977) 
« B. Edlund, 0. Zetterqvist. U. Ragnarsson, and L. Engstrem, Biochem. Biophys Res 

Commun, 79, 139 (1977). ^ 
^ S, A. Rudolph and B. K. Krueger, Adv. Cyclic Nucleotide Res. 10, 107 (1979). 
** J. H. Wang. J. T. Stull, T.-S. Huang, and E. G. Krebs, 7. BioL Chem. 251, 4521 (1976). 
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diesterase may also be inhibited by the addition cf 1 mM methybcanthine. 
The Ca^^ concentration required for phospholipid-activated protein ki- 
nases is in the order of 10"^ to lO""* M, and concentrations exceeding 0.5 
mM are usually inhibitory. A commonly used concentration of phosphati- 
dylserine is 10-25 /xg/ml. 

In systems that are not extensively purified, the phosphorylation 
should be preferably performed at 30** for a rather short time, i.e., 5-10 
min, since contaminating proteases and phosphoprotein phosphatases 
may decrease the recovery of the protein-bound [^triphosphate. Experi- 
ments with pure systems may be continued for about 2 hr when the 
maximal incorporation is to be estimated. 

Termination of the Reaction and Analysis of^^P Labeling, Two meth- 
ods of interrupting the reaction and determining the phosphorylation of 
the total protein of the sample will be described. In the first method, the 
incubation is interrupted by applying a 25-^1 aliquot of the incubation 
mixture to a Whatman 3 MM paper disk, 11x11 mm. The paper is then 
immediately placed in a stainless, wire-netting support with separate com- 
partments for each paper, which stands in a beaker containing ice-cold 
10% trichloroacetic acid and 50 mM phosphoric acid. The presence of 50 
mMptj^sphoric acid in the trichloroacetic acid is important for preventing 
the adsorption of a possible trace amount of P^P]orthophosphate present 
in the pPJATP preparation. Free pFJATF is removed by washing the 
papers for 10 min in the acid under magnetic stirring. This washing is 
repeated twice with fresh acid. The paper disks are then dried in ethanol 
for 5 min and, finally, in ethyl ether for 5 min. The papers are left in the 
wire-netting support throughout the washing and drying procedure. This 
procedure is similar to that described by Corbin and Reimann.''^ How- 
ever, with the wire-netting support the washing is more efficient and more 
reproducible. The dry filter paper disk is placed on the bottom of an 
empty scintillation vial, and the Cerenkov radiation is measured in a 
liquid scintillation counter. 

When it is suspected that a protein is not quantitatively adsorbed to 
the paper (which is the case for instance with fructose- 1,6-bisphospha- 
tase) or when the incubation volume has to be increased to facilitate 
detection of the incorporated P^PJphosphate, precipitation with trichlo- 
roacetic acid in a test tube is preferred. It should be noted, however, that 
the concentration of acid required for quantitative precipitation can vary 
between different proteins. In most cases, a final trichloroacetic acid 
concentration of 10% is sufficient. Some basic proteins, however, require 



J. D. Coftiin and E. M. Reimann. this series. Vol. 38 [41], p, 287. 
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the addition of tungstate to be precipitated.^^ The trichloroacetic acid may 
be added as solid acid or, preferably, as an aliquot of a concentrated stock 
solution. If the protein concentration is below 1 mg/ml, a carrier protein, 
for instance bovine serum albumin, can be added just before the addition 
of trichloroacetic acid. After immersion of the mixture in an ice-water 
bath for 10 min, the precipitate is collected by centrifugation at 1000 ^ for 5 
min, dissolved in 0.5 M NaOH, and immediately reprecipitated by trichlo- 
roacetic acid at the appropriate final concentration. The protein should be 
dissolved and reprecipitated totally 4 times. After the last centrifugation 
the protein is dissolved in 0.5 M NaOH and the Cerenkov radiation is 
measured. Serine- and threonine-bound phosphate is fairiy easily re- 
moved from phosphoproteins in strong alkaline solutions by jS-elimina- 
tion, even at room temperature Therefore, any treatment of this type of 
phosphoprotein with strong alkaline solutions should be short and prefer- 
entially performed in an ice-water bath. On the other hand, the bound 
phosphate remains very stable when exposed to strong acid at room tem- 
perature. Treatment with 1 M HCl for 30 min at room temperature will 
therefore remove histidine- and aspartic acid-bound phosphate without 
losses of serine- or threonine-bound phosphate.^ 

Preparation of Native Phosphoprotein, When it is desirable that a 
purified protein should remain in a native state after phosphorylation, the 
phosphoprotein and ATP may be separated by Sephadex G-50 gel chro- 
matography. The phosphorylation reaction can be stopped by the addition 
of EDTA before the chromatography if the reaction lime is critical. Other- 
wise, the reaction will be stopped upon separation of protein from ATP on 
the column. The volume of the sample should not exceed 10% of the 
Sephadex G-50 column volume, in order to get a good separation. The use 
of a phosphate buffer with a concentration of at least 50 mM is of advan- 
tage to decrease the adsorption of FP]aTP and trace amounts of 
[ PJorthophosphate that are usually present in the [^^pjatP preparation 
Rechromatography usually reduces the adsorption even further. The de- 
gree of adsorption may be determined by treating an aliquot as described 
m the preceding paragraph. 

Synthetic Peptides 

Incubation Mixtures, Synthetic peptides have been used as substrates 
of vanous protein kinases, such as cyclic AMP-dependent protein ki- 
nase,^'-32 cyclic GMP-dependent protein kinase,^^« phosphorylase ki- 

^ G. N. GUI and G. M. Walton, Adv. Cyclic Nucleotide Res. 10, 93 (1979) 

S. MSrdh, Anal. Biochem. d3, 1 (1975). 
^ G. Taborsky, Adv, Protein Chem. 28, I (1974). 
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nase,^^ and casein kinase/^ In experiments with cyclic AMP-depeadent 
protein kinase, the presence of bovine serum albumin keeps the activity 
of the usually highly diluted protein kinase reasonably constant during the 
incubation.^2 j^is is particularly important in kinetic studies. Another 
difficulty with kinetic experiments arises during measurement of the rate 
of phosphorylation of peptides with low i:^ values. In order to measure 
the rate at sub-K^^ concentrations of the peptide, the radiochemical purity 
of P^PJATP is particularly important. Even trace amounts of labeled im- 
purities may give unacceptably high blank values. 

Termination of the Reaction. The method for terminating the reaction 
depends on the further processing of the material. In kinetic experiments 
trichloroacetic acid^' has been added to a final concentration of 10% or 
aceric acid^^ a final concentration of 30%, and in the preparation of 
larger amounts of phosphopeptide, boiling for 3 min has been used.^o 

Analysis of Phosphorylation, Separation of [^^Plphosphopeptide from 
[32p]ATP in kinetic experiments on purified protein kinase is achieved by 
electrophoresis^' or by ion-exchange chromatography, e.g., on AG-1-X8, 
equilibrated with 30% acetic acid and packed in Pasteur pipettes.^^ the 
former case, the trichloroacetic acid-containing sample is neutralized by 
five extractions with water-saturated ethyl ether. Electrophoresis is per- 
formed on Whatman 3 MM paper or on a thin layer of ceUulose powder on 
a plastic base, e.g. , Polygram Cel 300 (Machery-Nagel, Diiren, Germany). 
Radioactive spots are located by autoradiography, cut out, and counted in 
empty scintillation vials (Cerenkov radiation). When isolated by an anion 
exchanger, the pp]phosphopeptide is eluted directly into an empty scin- 
tillation vial. The eluate is made alkaline with sodium hydroxide before 
counting, to prevent the evaporation of acetic acid in the scintillation 
counter. 

Preparation of Phosphopeptide s. For preparation purposes, the phos- 
phopeptide is easily separated from unphosphorylated peptide and ATP 
by ion-exchange chromatography, preferably on CM-cellulose.^** The 
phosphopeptide is easily located in the chromatogram by the addition of 
trace amounts of "P-labeled phosphopeptide to the sample loaded onto 
the column. More recently, HPLC systems with a capacity to separate a 
number of phosphopeptides from each other have been developed.^' 

Phosphorylation of Proteins in Vivo and in Intact Cells 

Ideally, in an unprejudiced search for a physiologically relevant pro- 
tein phosphorylation, intact animals injected with p^]orthophosphate 

« B. E. Kemp, E. Bctuamini, and E. G. Krebs. Froc. Natl. Acad, Set U.S,A, 73, 1038 
(1976). 

» v. P. K. Titanji. 6. Zctterqvist, and U. Ragnarsson, FEBS Lett. 7$, 86 (1977). 
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should be used. In practice, however, this approach presents a number of 
difficulties, one being the limits as to the specific radioactivity that can be 
used in such a system. 

An alternative approach is to investigate isolated cells, obtained by 
coUagenase treatment of an organ, for instance, the liver,^' heart,^^ fat 
pads.^^ If 4 MBq of P^P]orthophosphate is added to a suspension of 3 x 
10^ hepatocytes in I mi of Krebs-Ringer solution, containing 1.18 fimol 
of orthophosphate, the specific radioactivity of the y-phosphorus of 
PP]ATP in the cells will increase to a steady state of about 10 dpm/pmol 
in 30-40 min at 37°. Thus, the total amount of radioactivity handled may 
be considerably lower than that required in experiments on whole ani- 
mals. Nevertheless, the specific radioactivity is sufficiently high to permit 
detection even of minor phosphoproteins. 

There is a need for rapid isolation of pPJphosphoprotein to avoid 
losses of the (^^pjphosphate bound and for removal of other phosphopro- 
teins in order to quantitate the ones under investigation. One method is to 
precipitate the protein from a homogenate of the ^^P-labeled cells by 
means of ammonium sulfate. The phosphorylation-dephosphorylation 
will then stop, owing to the lack of Mg^^ and ATP. A particular p^pjphos- 
phoprot^ can also be isolated by immunoprecipitation, and the 
[^^PJphosphate incorporated can be measured directly in the immunopre- 
cipitate. Another procedure is to lyse the cells in denaturing media that 
are used to prepare samples for one- or two-dimensional polyacrylamide 
gel electrophoresis.^ 

After the preincubation of the cells with radioactive phosphate, the 
excess can be removed by centrifugation and the incubation of the cells 
can continue in the presence or the absence of hormones that are known 
or presumed to affect the phosphorylation of the protein in question. In 
addition to samples for measurement of the incorporation of ppjp^os- 
phate, samples for determination of the specific radioactivity of the y- 
phosphorus of the [^^pjaTP should be collected.^ 

Concluding Remarks ' 

For a protein phosphorylation to be physiologically important, certain 
criteria have to be fulfilled. ^'^"^ A main criterion is that the phosphory- 

M. N. Berry and D. S, Friend, 7. Ceii BioL 43, 506 (1969). 
^ T. PoweU and V. W. Twist, Biochem. Biophys. Res. Commun, 11, 327 (1976) 
" M. Rodbcll, J. BioL Chem. 239, 375 (1964). 

« E. G. Krebs, in "Endocrinology, Proceedings of the Fourth International Congress of 

Endocnnology/' p. 17. Excerpta Medica, Amsterdam, 1973. 
« E. G. Krebs and J. A. Beavo, Anna. Rev. Biochem. 48, 923 (1979). 
^ H. G. Nimmo and P. Cohen, Adv. Cyclic Nucleotide Res. 8, 145 (1977). 
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iation occurs in vivo. In order to study the in vivo phosphorylation of minor 
components, extremely high specific radioactivity of the endogenous ATP 
is required. This may be impossible to achieve with whole animals, in 
which case experiments on isolated cells will have to be accepted. 

One way to establish that the phosphorylation detected in an in vitro 
system is the same as that observed in vivo or in intact cells is to deter- 
mine the amino acid sequence near the phosphorylated amino acid resi- 
due. Alternatively, the pattern of ppjpj^Qgpj^Qp^pjj^^g obtained after en- 
zymatic digestion of partial acid hydrolysis'^ may be investigated. 

For many studies on protein phosphorylation, however, broken-cell 
preparations are employed. If a protein in a crude extract is phosphory- 
lated by a purified protein kinase, it may be reasonable to assume that 
the phosphorylation is of physiological significance. However, artifactual 
phosphorylation may be obtained upon denaturation. It has been shown 
that a short segment of the peptide chain around the phosphorylatable 
amino acid contains the information that is sufficient for a significant rate 
of phosphorylation.^' This points to the risk that partial denaturation of a 
protein will unmask a phosphorylatable site that is not exposed in the 
native state. It has been demonstrated, in fact, that denatured lysozyme, 
in conts^st to the native enzyme, is phosphorylated by cyclic AMP-de- 
pendent protein kinase. 

Synthetic peptides, representing the phosphorylatable site of a pro- 
tein, have proved to be invaluable tools in the elucidation of the mecha- 
nism of, and structural requirements in, protein phosphorylation How- 
ever, in the experience of the authors, peptides that are phosphoiyiatable 
by cyclic AMP-dependent protein kinase are extremely sensitive to pepti- 
dases of crude extracts. This is true also for the corresponding phospho- 
peptides." Since the cleavage may separate the arginine residues from the 
remainder of the phosphopeptide, the initially basic phosphopeptide turns 
mto an acid compound that may not be detected in an assay procedure 
designed to detect basic phosphopep tides. The use of peptide substrates 
m the determination of cyclic AMP-dependent protein kinase activity in 
crude extracts may therefore be subject to errors. 

The number of enzymes and other identified proteins that are phos- 
phorylated by protein kinases has been increasing rapidly in recent years. 
The table represents an attempt at a comprehensive list with respect to 
enzymes. With a few exceptions, only mammalian protein kinases and 
substrates are listed. Phosphorylations in which the substrate has been 
less well defined are mostly excluded. Despite the length of the list a 
number of intracellular substrates of protein kinases are still unidentified 
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PROTEIN ACYLATIONS/DEACYLATIONS 



[7] 



One reason for this is the fact that unequivocal identification of a sub- 
strate requires its extensive purification. When the substrate is an en- 
zyme, such a purification generally calls for methods of stabilizing the 
enzyme. Since most phosphorylatable enzymes are labile, the identifica- 
tion of a substrate of a protein kinase may be a fairly difficult problem. In 
addition, the identification may be hampered by the fact that several 
particle-bound protein kinase activities are not very well characterized. It 
is even possible that there are protein kinases that still remain to be 
discovered. 
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[7] Assays for Regulatory Properties of 
Polyamine-Dependent Protein Kinase 

By Vaithilingam Sekar, Valerie J. Atmar, and Glenn D. Kuehn 



[EC 2.7.1.37, ATP: protein phosphotransferase] 
ATP*" + ornithine decarboxylase enzyme -* ADP^" + H* 

+ phosphoornithine decarboxylase^" 

The naturally occurring polyamines putrescine, spermidine, and sper- 
mine are synthesized in appreciable amounts in all living cells. 

Putrescine: HjN-CHzCHjCHiCHrNHi 

Spermidine: HzN-CHiCHiCHzCHrNH-CHjCHzCHrNH, 

Spermine:.. HzN-CHiCHjCHrNH-CHzCHzCHzCHrNH-CHjCHiCHrNH: 

The combined charged cationic and aliphatic properties of the poly- 
amines, under physiological conditions, suggest a wide variety of inter- 
actions that may occur between them and various cellular components. 
They can link through ionic forces to anionic nucleic acids, proteins, and 
phospholipids. The aliphatic character of their methylene group clusters 
indicates possible interactions with hydrophobic environments such as 
those occurring in membranes. Their amino-linked protons can hydrogen- 
bond to electronegative atoms. Thus, the polyamines have been impli- 
cated to act in a wide variety of cellular processes. Their participation has 
been invoked in virtually every phase of macromolecular biosynthesis. 

The polyamines are synthesized in eukaryotes by a pathway that be- 
gins with the; decarboxylation of the amino acid ornithine. The enzyme 
ornithine decarboxylase (L-ornithine carboxy-lyase, EC 4,1.1.17] cata- 
lyzes putrescine formation through pyridoxal phosphate-dependent de- 
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THE USE OF SYNTHETIC PEPTIDES 
FOR DEFINING THE SPECIFICITY OF 
TYROSINE PROTEIN KINASES 

JOHN E. CASNELLIE and EDWIN G. KREBS 

Howard Hughes Medical Institute Laboratories, University of Washington, School of Medicine. 

Seattle, Washington 98195 

INTRODUCTION 

The tyrosine protein kinases (ATP: protein phosphotransferase EC 2.7.1,37) 
encompass a large family of at least 10 distinct enzymes. The members of this 
family are related not only in their specificity for phosphorylating proteins on 
tyrosine residues but also in their biological function. Thus, all of these 
enzymes may have roles in regulating cell growth and differentiation. 
Moreover, the enzymes associated with RNA tumor viruses (at least in all 
cases thus far examined) show sequence homology, indicating that this group 
of tyrosine protein kinases may have evolved from a common ancestral 
protein. In order to understand more fully the biological roles of these 
enzymes it is necessary to understand more about their biochemical 
properties. One important property of any protein kinase is its substrate 
specificity. One would like to define those structural elements of the substrate, 
besides the phosphorylatable amino acid residue, that are important in the 
recognition of the substrate by the protein kinase. In the case of the tyrosine 
protein kinases there are two especially important reasons for wanting to 
study their specificities. One reason is that if the specificities of these enzymes , 
are similar then it is possible that some or all of these enzymes are regulating 
the same biochemicail pathways through their capacity to covalently modify 
the same regulatory proteins. A second reason is the desire to determine if the 
viral tyrosine protein kinases have a different specificity from their normal 
cellular counterparts which could explain the transforming properties of the 
viral enzymes. * 

Synthetic peptides provide a useful means for studying the specificity of 
protein kinases. They can be prepared in sufficiently large quantities to allow 
for the accurate determination of kinetic parameters, and their sequence can 
be varied at will, allowing one to probe the contribution of any residue to the 
recognition of the peptide by the protein kinase. The demonstration that 
synthetic peptides can serve as substrates for tyrosine protein kinases (1) 
provides the opportunity to use synthetic peptides to study the specificity of 
these enzymes. In this article we will discuss our work and that of other 
laboratories in this area. We shall preface this discussion by reviewing the 
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results of specificity studies with synthetic peptides of the cyclic nucleotide- 
dependent protein kinases. The specificity of these enzymes has been rather 
thoroughly explored in studies that have utilized on the order of 100 different 
synthetic peptides. It is thus timely to consider what we have learned from the 
work on the cyclic nucleotide dependent enzymes in terms of what we can 
expect to learn about the specificity of the tyrosine protein kinases from the 
use of synthetic peptide substrates. 



MATERIALS AND METHODS 

The LSTRA cell line was maintained in culture as described (1). The cells 
were washed once with phosphate buffered saline and then homogenized in a 
Dounce homogenizer using a buffer consisting of 5 mM HEPES, pH 7.4, 1 mM 
MgClj and 5 mM 2-mercaptoethanoL Sucrose was then added to a 
concentration of 0.25 M and the homogenate spun at low speed to remove 
nuclei. The high speed pellet was then obtained and resuspended in 25 mM 
HEPES, pH 7.4, 5 mM 2-mercaptoethanol. This fraction was then extracted 
with Triton X-100 and used as a source of LSTRA tyrosine protein kinase. 

Solid-phase peptide synthesis was carried out with the Beckman 9908 
automated Instrument as described (1). The peptides were purified on SP- 
Sephadex using a gradient of ammonium acetate and desalted by 
chromatography in 30% acetic acid on Sephadex G-10. Their composition 
was confirmed by amino acid analysis. The peptide phosphorylation reactions 
were carried out under conditions where the reaction is linear (2) using 10 mM 
MgClj and 100 mm ATP (2000-5000 cpm/pmol) in the reaction mixture. 
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RESULTS AND DISCUSSION 

Specificity of Cyclic Nucleotide-Dependent Protein Kinases 

Phosphorylation of synthetic peptides by cyclic AMP-dependent protein 
kinase. The initial work on the specificity of cyclic AMP-dependent protein 
kinase was done by varying the structure of a heptapeptide, Leu-Arg-Arg- 
Ala-Ser-Leu-Gly (3, 4), whose sequence was based on the site of 
phosphorylation in pyruvate kinase. Studies have also been done using 
peptides with sequences based on the sequences at the sites of phosphorylation 
in denatured lysozyme (5), phosphorylase (4), cardiac troponin I (6) and 
histone H2B (7). The results of these studies are summarized in Table 1. In 
general it appears that peptides with the structure of the site of 
phosphorylation in pyruvate kinase are the optimal peptide substrates for the 
cyclic AMP-dependent protein kinase in terms of both a low K„, and high , 
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The critical feature of these peptides is the presence of 2 vicinal arginines on 
the N terminal side of the serine; substitution of either of these residues, even 
by another basic residue such as'lysine, results in peptides with much greater 
K„ values and reduced values. Studies where the number of residues 
between the arginine and the serine was systematically varied have 
demonstrated that the position of these 2 arginines is also important (8). They 
must be separated from the serine by a single residue. Any other spacing 
results in peptides with dramatically less favorable kinetic parameters (8). As 
summarized in Table 1, given a peptide with the optimally located pair of 
arginines. substitution of the other residues is generally either without effect 
or results in^ peptides that are poorer substrates. It is sometimes difficult to 
evaluate the effect of substitutions at the other positions simply because the 
changes in kinetic parameters are often less dramatic than substitutions at 
positions 2 and 3. In addition the effects are not always consistently observed 
and thus may depend on the overall sequence of the peptide. One interesting 
result is that while the 2 arginines must be separated from the serine by 
another residue, there is a great deal of tolerance in terms of the identity of this 
residue. A Wide variety of residues has been substituted at this position, 
including large hydrophobic ones such as tryptophan (9), without 
significantly altering the kinetic properties of the peptides. 

Out^f the large number of peptides that have been studied there is only one 
that has been found to be a relatively good substrate for the cyclic AMP- 
dependent protein kinase that does not have a pair of arginine residues located 
at positions- 2 and 3 (Table 1). This is a decapeptide with the sequence, Lys- 
Arg-Lys-Glu-IIfr-Ser-Val-Ala-Gly-Leu (4). This peptide has the sequence of 
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TABLE 1. SPECIFICITY OF cAMP-DEPENDENT PROTEIN KINASE TOWARD 
SYNTHETIC PEPTIDES NHrl-2-3^Scr-6-7-COOH 



Positive 
Position determinant 



Negative 
determinant 



Presence of negative 
determinant at site 
of phosphorylation 
in an intact protein 



References 



1 


1 








2 


arg 


non basic residue* 


yes 


(3-6, 10) 


3 


arg 


non basic residue* 


yes 


(3-6.10) 


4 
3 








(10, 11) 


6 




pro 


yes 


7 




arg. lys 


yes 


(4, 6. 7) 



♦Substitution of the arginine residue by a lysine residue results in a peptide that is a 
poorer substrate. However the substitution of a lysine is more favorable than the 
substitution of a neutral amino add such as alanine (4). 

fPeptide* in which the serine is replaced by threonine are much poorer substrates 
although threonine residues are phosphorylatcd in intact proteins (4, 10, 12). 
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the site of phosphorylation in phosphorylase except that the underlined 

alanine was substituted for the arginine that occurs in the protein sequence. t( 

(This site in the intact protein is not phosphorylated by the cyclic AMP- s: 

dependent protein kinase). The substitution of this arginine by the.alanine had p 

an extremely dramatic effect on the peptide^s kinetic parameters. As noted m p 

Table 1 , the presence of basic residues in this position relative to the serine is a i( 

negative determinant. In the case of the phosphorylase sequence, substitution 1 

of the arginine at this location by an alanine caused the to drop from 3900 S 

MM to 36 fxM and the V^^, to increase several fold. Only a limited amount of c 

work was done on varying the structure of this peptide. It appears, however, 2 

that while the N-terminal lysine is not important, the Arg-Lys residues that o 

follow in the sequence are both essential for the peptide to have a low K„ and a ii 

high V„„. It would be interesting to know whether the identity of the 2 ti 

residues between the Arg-Lys residues and the serine has any influence on the ii 

ability of the peptide to serve as a substrate. 

Phosphorylation of synthetic peptides by cGMP-dependent protein kinase, p 

There is another member of the family of protein kinases regulated by cyclic it 

nucleotides besides the cyclic AMP-dependent enzyme; this is the protein a 

kinase that is regulated by cyclic GMP. These two cyclic nucleotide-dependent a 

enzymes are related in that they are probably also derived from a common s 

ancestral Votein (13, 14). Although the biological role of the cyclic GMP- c 

dependent enzyme is not precisely defined, the processes regulated by this p 

enzyme are probably distinct from those regulated by the cyclic AMP- s 

dependent protein kinase. c 

The specificity of the cyclic GMP-dependent protein kinase has been c 

studied with synthetic peptides with sequences based on the sites of h 

phosphorylation in histone H2B (7). The results of this work have shown that s 
the specificity of this enzyme toward synthetic peptides is simUar to that of the 
cyclic AMP-dependent protein kinase. Thus, in order for a synthetic peptide 
to serve as a good substrate for the cyclic GMP-dependent protein kinase, the 

peptide must again have a pair of basic residues on the N-terminal side of the C 
phosphorylatable serine. In the peptides examined thus far the pair of basic 
residues must also be separated from the serine by a single "spacer*' residue 
(15). The presence of a basic residue at position 7 in the scheme of Table 1 is 
also a negative determinant for the cGMP-dependent protein kinase. The 2 
cyclic nucleotide-dependent enzymes differ in their specificity toward 

synthetic peptides in that the cGMP-dependent enzyme seems to have a - 
preference for an Arg-Lys sequence as the 2 basic residues (15). In addition, 

the presence of basic residues immediately adjacent to the serine on either the s 

amino or carboxyl side is a positive determinant for the cGMP-dependent r 

protein kinase. Basic residues in these positions with the histone H2B i 
sequence are either a neutral or a somewhat negative determinant for the 
cAMP-dependent protein kinase. 
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The similar specificity of the 2 cyclic nucleotide dependent protein kinases 
toward synthetic peptides is alsp reflected in their specificity toward protein 
substrates. These 2 enzymes will both phosphorylate many of the same 
proteins albeit at different rates. For example, cardiac troponin I is 
phosphorylated by both enzymes. The values for the 2 enzymes are nearly 
identical, but the cyclic AM P-dependent protein kinase has a V^^x value that is 
12-fold greater than that of the cGM P-dependent protein kinase (Table 2). 
Since in the same cell the levels of cyclic AMP and cyclic GMP are under the 
control of different hormones and neurotransmitters, it seems hkely that these 
2 cyclic nucleotides regulate different biological pathways. Nonetheless, the 
overlapping specificity of the 2 kinases suggests the possibility that in some 
instances they may phosphorylate the same proteins in vivo. Consequently, 
there may be cases where activation of either kinase produces the same effect 
in the cell. 

Sequences at sites in proteins phosphorylated by cyclic AMP-dependent 
protein kinase. An examination of sequences at the site of phosphorylation in 
intact proteins reveals numerous examples in which the amino acid sequence 
at the phosphorylation site in the protein has residues in positions that would 
act as negative determinants if they were present in synthetic peptide 
substrates. A good example of this is with cardiac troponin I. Table 2 
compares the abilities of the 2 cyclic nucleotide dependent protein kinases to 
phosphorylate this protein or a synthetic peptide having the sequence of the 
site of phosphorylation. The intact protein is an excellent substrate for the 
cyclic AMP-dependent protein kinase and a moderately good substrate for the 
cyclic GMP-dependent protein kinase. The synthetic peptide, on the other 
hand, is an extremely poor substrate for either enzyme. It is clear from the 
sequence of the site of phosphorylation why the synthetic peptide is such a 



TABLE 2. KINETIC PARAMETERS FOR CYCLIC AMP AND CYCLIC GMP- 
DEPENDENT PROTEIN KINASES FOR THE PHOSPHORYLATION OF TROPONIN I 
AND A PEPTIDE WITH THE SEQUENCE OF THE SITE OF PHOSPHORYLATION 



Cyclic 
AMP-dependent 
protein kinase 



K„ 



Cyclic 
GMP-dependent 
protein kinase 

K„ ^tmx 



Substrate 



(;xM) (/imole/min/mg) (/im) (/imole/min/mg) Reference 



Troponin I 



21 



Site of phosphorylation 
peptide, 

Ala-Val-Arg-Arg-Ser-Asp-Arg-Ala* 1 500 



11 



0.012 



16 



400 



0.9 



0.008 



(16) 



(6, 7) 



♦A synthetic peptide which included more residues of the sequence on the N-icrminus did not 
have improved kinetic parameters for the cyclic AMP-dcpcndcnt protein kinase (6). 
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poor substrate. Thus, there is an arginine residue on carboxyl dde of the 

serine at a position where this is a negative determinant CTable 1). Moreover 

the pair of arginines on the amino terminal side of the serine is not separated 

fJorthelin'byanotherresiduewhichisalsounfavorable.M^^^^^^^ 

the sequence of this peptide so that it becomes more hke the site of 

phosphorylation in pyruvate kinase resulted in greatly improved kinetic 

^^wT" another notable example in which the intact proteins arc much 
better substrates than peptides with the sequences of the s.t^ of 
phosphorylation. Several proteins, including glycogen synthase and the ^- 
subunit of phosphorylasc kinase, have sequences at their sites of 
phosphorylation in which the basic residues have the pattern, lys-aig-x-x-ser 
(10 17). This observation prompted a study with synthetic peptides in which 
the'investigators varied the number of residues between the Lys-Arg pair and 
the serine (8). It was found that in a synthetic peptide the optimal location for 
the lys-arg pair was in a position separated from the serine by only one residue, 
m contrast to the intact proteins, the peptide with the lys-arg separated from 
the serine by 2 residues was a very poor substrate. Another study, however, 
reported that the kinetic parameters of this latter peptide could be improved 
by adding a 3rd basic residue to give the pattern, arg-x-lys-arg-x-x-ser (18). 
This result is intriguing but does not completely explain the differences in the 
kinetic parameters between the intact proteins and the synthetic peptides. 
Thus while the /3-subunit of phosphorylasc kinase has an arginme at this 
position (10) in its sequence, the site of phosphorylation in glycogen synthase 
lacks a basic residue at this position (17). 

The above examples clearly imply that the kinases recognize more than 
simply the primary sequence around the phosphorylatable residue m the 
protein. These enzymes must also recognize a specific secondary structure in 
their substrates and the presence of this structure is just as important as the 
presence of certain residues in the primary sequence. The consequence of this 
secondary structural requirement is that cyclic nucleotide dependent protein 
kinases have a much narrower specificity toward synthetic peptides than 
toward proteins in terms of the primary sequence around the site of 
phosphorylation. Small peptides are extremely flexible and therefore do not 
have a single well defined secondary structure in solution. The site of 
phosphorylation in the intact protein would have a much more rigid structure 
in comparison to the synthetic peptide. , • • 

Peptides such as those with the sequence of the site of phosphorylation m 
cardiac troponin I apparently do not have the abiUty to readily form the 
proper secondary structure that is present in the intact protein. The mabUity to 
form the proper secondary structure probably accounts for the fact that some 
peptides are extremely poor substrates even though they have the optimally 
located pair or arginines. For example, substitution of a prolme residue 
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immediately adjacent to the serine on the carboxyl side in the pyruvate kinase 
peptide results in a peptide thit is inert to phosphorylation by the cyclic AMP- 
dependent protein kinase (11). The presence of the proline residue at this 
position presumably prevents the peptide from assuming the secondary 
structure that is recognized by the enzyme. 

In discussing the specificities of protein kinase toward synthetic peptides 
and proteins one is essentially dealing with the problem of how the kinetics of 
the enzyme differs with the various substrates. It is not possible to completely 
understand the specificities of these enzymes until we understand how the 
structure of the substrate influences the individual rate constants of the 
reaction. The fact that cyclic nucleotide-dependent protein kinases recognize 
a specific secondary structure in their substrates means that there is an 
additional kinetic step in the reaction pathway when the enzyme acts on a 
synthetic peptide in comparison to when the enzyme phosphotylates a 
protein. Jhis additional kinetic step involves either the induction of the 
specific secondary structure in the peptide upon binding to the enzyme or the 
selection of a specific, pre-existing conformation that is present at a low 
concentration relative to the total number of peptide molecules present (19). 
Indeed, because of this extra kinetic step, the on-rate of the pyruvate kinase 
heptapeptide for the cyclic AMP-dependent protein kinase is significantly 
slower than expected from considerations of rates of diffusion, although this 
does not prevent this peptide from being an excellent substrate (19). On the 
other hand, the troponin I peptide may be a poor substrate because this 
additional kinetic step is too slow for this peptide relative to the overall rate of 
the enzyme reaction. 

Conclusions from the work with the cyclic nucleotide-dependent protein 
kinases. The studies with synthetic peptides together with the data on the 
phosphorylation of intact proteins demonstrate some of the problems in 
precisely defining the specificities of protein kinases. Nonetheless, the results 
with synthetic peptides do allow for some important conclusions. Perhaps the 
most satisfying conclusion concernes the unequivocal demonstration that the 
presence of basic residues near the N-terminus of the phosphorylatable 
residue is a crucial factor for substrate recognition by both cyclic mucleotide- 
dependent protein kinases. This result has predictive value in that one can be 
certain that any site that is readily phosphorylated by cither of these enzymes 
will have basic residues at this position. The idea that basic residues are 
important for substrate recognition by the cyclic AMP-dependent protein 
kinase originally arose from considerations of the sequences around the 
various sites of phosphorylation in proteins. Synthetic peptides provided an 
extremely useful system for definitively testing this idea. It is also clear that 
recognition of secondary structure is an important factor in the substrate 
specificities of the cyclic nucleotide-dependent protein kinases. This result was 
foreshadowed for the cyclic AMP-dependent protein kinase from results with 
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protein substrates. Thus comparisons of the sequences around the site 
phosphorylated in proteins showed that with the exception of the invariable 
presence of basic residues on the N-terminal side of the phosphorylated 
residue (and even for these residues there is not a rigorous pattern as to their 
precise location relative to the phosphorylated residue) there is very little 
sequence homology among the various sites. This immediately suggests that 
primary structure is not the only factor in determining the sites 
phosphorylated by this enzyme. Finally, the studies with synthetic peptides 
also reveal the remarkable similarity in the specificity of the 2 cyclic nucleotide 
dependent protein kinases both in terms of primary and secondary structure 
recognition. As noted above, this result has potentially important 
implications concerning the biological functions of these 2 enzymes. 
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Specificity Studies on Tyrosine Protein Kinases 

Studies using synthetic peptides. Initially, tyrosine protein kinase activity 
was detected as a result of the phosphorylation of antibody in 
immunoprecipitates and as a result of autophosphorylation reactions (20-23). 
The need to obtain specific substrates for these enzymes so that their activity 
could be measured in a conventional manner was an initial impetus for testing 
the ability'^of synthetic peptides to be phosphorylated by these enzymes (1). 
The synthetic peptides that were used in the initial studies had sequences that 
were based on the site of apparent autophosphorylation in pp60*«^, the 
tyrosine protein kinase from Rous sarcoma virus. This was the first known 
sequence of a potentially physiologically relevant site of tyrosine 
phosphorylation. The sequences of this and other sites of auto- 
phosphorylation in different tyrosine protein kinases are shown in Table 3. 
The notable feature of these sequences is the presence of acidic residues on the 
amino side of the tyrosine. When the sequence at the site of phosphorylation 
in pp60"^ was determined, it was immediately suggested that these acidic 



TABLE 3. SEQUENCES AT SITES OF AUTOPHOSPHORYLATION IN TYROSINE 

PROTEIN KINASES 



Enzyme 



Sequence 



References 



ppgos-w", LSTRA 
ppl30»*8-f'« 

ppllO***-"* 



-Arg-Lcu-Ilc- Glu-Asp-Asn-Glu-1 
-Arg-Gln-Glu-Glu-Asg-Giy-Val- ' 
-Arg-Olu-Glu-AIa- Asp-Gly-Val- ' 
-Arg- Lcu-Mct-Thr- Gly- Asp-Thr- ' 



^r-Thr-Ala-Arg 
t-Aia-Ser-Thr 
T-AIa-Ala-Ser 
T-Thr-Ala-His 



(24, 25) 
(26) 
(27) 
(28) 



The acidic residues are underlined and the phosphorylated tyrosine is indicated with an 
asterisk^). 
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residues might be important for the recognition of this site by the enzyme 
responsible for the phosphorylation (24). taking as a model the important role 
that basic residues have for the recognition of sites of phosphorylation of the 
cyclic nucleotide-dependent protein kinases. The work with synthetic peptides 
has provided some experimental verification of this concept. 

The initial demonstration that a tyrosine protein kinase can phosphorylate 
a synthetic peptide was done using a tyrosine protein kinase that is present in 
the lymphoma cell line, LSTRA (1). This cell line has an elevated level of a 
tyrosine protein kinase with a molecular weight of 58,000, which appears to be 
distinct from the enzymes associated with the various RNA tumor viruses. It 
was initially shown that the enzyme from LSTRA cells would phosphorylate a 
synthetic peptide with the sequence of the site of tyrosine phosphorylation in 
ppW (SRC-peptide) although the K„ for this peptide was rather high. Since 
this peptide is negatively charged . the phosphorylated form of the peptide is 
difficult to separate from the 7-p^]ATP. This technical difficulty was 
overcome. by synthesizing a peptide (RR-SRC-peptide) that contained the 
pp60*" sequence but also had additional arginine residues at the N-terminus 
so that the phosphorylated peptide had a net positive charge in dilute acid. 
Under these conditions the phosphorylated peptide would then bind to 
phosphocellulose whereas 7-["P]ATP would not; this provided a simple and 
speciflfc assay for tyrosine protein kinase activity (1). 

There are 3 acidic residues on the N-terminal side of the tyrosine in the 
pp60'" sequence. As demonstrated in Table 4, replacement of any one of these 
residues by an alanine residue did not have a significant effect on the ability of 
the LSTRA enzyme to phosphorylate the resultant peptide. However, 
replacement of all 3 acidic residues by neutral ones resulted in a large drop in 
V^^^, A peptide that had basic residues on the amino side of the tyrosine 
was a still poorer substrate. These results indicate that the presence of 1 or 2 
acidic residues on the amino side of the tyrosine is a favorable determinant for 
the LSTRA protein kinase. 

Results similar to those in Table 4 have also been found for the EGF- 
receptor tyrosine protein kinase (29, 30) using these and other peptides, 
although the K„ of this enzyme for the RR-SRC peptide was considerably 
lower than that found with the LSTRA enzyme. Again replacement of any 1 of 
the 3 acidic residues in the RR-SRC peptide did not have a profound effect on 
the kinetic parameters of the EGF-receptor protein kinase for the resultant 
peptides. However, the enzyme had little capacity to phosphorylate peptides 
with only basic amino acids on the amino side of the tyrosine. Thus acidic 
residues on the N-terminal side of the tyrosine appear to be important for a 
peptide to be an optimal substrate for the EGF-receptor protein kinase. 

Another enzyme for which there is some indication that acidic residues are 
required for recognition of peptide substrates is the insulin receptor tyrosine 
protein kinase (31, 32). This enzyme will also phosphorylate the RR-SRC 
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TABLE 4 SPECIFICITY OF TYROSINE PROTEIN KINASE FROM LSTRA CELLS 
TOWARD SYNTHETIC PEPTIDES 



Peptide* 



Arg-Arg-Lcu-Ilc-Glu-Asp-Ala-GIu-Tyr-Ala-Ala-Arg-Gly 
Arg-Arg-Leu-Ile-Giu-Asp-Ala-Ala-Tyr-AIa-Ala-Arg-GIy 
Arg-Arg-Lcu-Ile-Glu-Ala-Ala-Glu-Tyr-AlarAla-Arg-Gly 
Arg-Arg-Lcu-IIe-A|a-Asp-AIa-Glu-Tyr-Ala-Ala-Arg.Gly 

G lu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Arg-GIy 
Gly - Gly -Ala-Gly-Tyr-Ala-Ata-Arg-Arg-G ly 
Lcu-Arg-Arg-Ala-Tyr-Lcu-Gly 



(mm) (nmoks/tnin/mg) 



2.0 
4.6 
2.7 
1.3 
3-4 
3.2 
6.7 



8.0 
9.1 
5.5 
5.5 
9.0 
1.1 
0.6 



The underlined residues indicate that a neutral amino acid has been substituted for an acidic 
residue that is present in the parent R-R-SRC peptide. 



peptide (31, 32) although again the is in the millimolar range. In addition 
the insulin receptor kinase will phosphorylate peptides with the sequence of 
the hormone, angiotensin (31). The physiological significance of this latter 
observation is dubious, but peptides with sequences based on the sequence of 
angiotensin contain tyrosine as the only phosphorylatable amino acid and are 
readily available, hence they are useful for specificity studies. In the limited 
study tliit was done it was found that the insulin receptor kinase will 
phosphorylate the angiotensin II peptide (Asp-Arg-Val-Tyr-Ile>-His-Pro- 
Phe) almost as well as it will phosphorylate the RR-SRC peptide. Angiotensin 
III, which is identical in sequence to angiotensin II, except that it is missing the 
N-terminal aspartic acid, was almost inert to phosphorylation by the insulin 
receptor kinase. Thus the presence of this 1 acidic residue was essential if the 
peptide was to be a substrate for this enzyme. This result is similar to that of a 
second study in which a peptide with only basic residues on the N-terminal 
side of the tyrosine was an extremely poor substrate in comparison to the RR- 
SRC peptide (32). 

An investigation studying the capacity of the viral enzyme, pp9Q^^'^ (33) to 
phosphorylate the SRC peptide also found evidence that acidic residues were a 
factor in substrate recognition (33). This enzyme will also phosphorylate the 
SRC peptide but again with a K„ that is in the millimolar range. A deletion 
peptide that was missing the glutamic acid residue 4 residues from the amino 
end of the tyrosine was a much poorer substrate than the intact SRC peptide. 
The K„, of the pp90^8;''" for the deletion peptide was approximately 8-fold 
greater than for the parent SRC peptide, again demonstrating the potential 
importance of acidic residues for recognition of peptide substrates. The effect 
of deleting the other 2 acidic residues was not studied. 

While the 4 enzymes discussed above all showed some indication of a 
preference for the presence of acidic residues on the amino side of the tyrosine 
in synthetic peptide substrates, the data are less clear for a fifth member of the 
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tyrosine protein kinase family, namely pp60"'. In a study using partially 
purified preparation of this kinase it was found that the enzyme had a rather 
broad specificity toward synthetic peptides. The pp60"'= protein kinase could 
readily phosphorylate several angiotensin analogues that did not have acidic 
residues on the amino side of the tyrosine (34). In fact, several of these 
analogues that did not have acidic residues were better substrates than the 
peptide with the sequence of the site of phosphorylation in pp60^. Thus the 
presence of acidic residues may not be a critical factor for substrate 
recognition by this protein kinase. 

Although the above studies provided an indication that acidic residues on 
the N-terminal side of the tyrosine are a factor in substrate recognition by 
several of the tyrosine protein kinases, the changes in kinetic parameters seen 
with the various peptide substrates were often rather small This is especially 
true when one compares how the presence or absence of basic residues affects 
the kinetic parameters of synthetic peptides for the cyclic AMP-dependent 
protein kinases. The presence of acidic residues perse may be of a more limited 
importance^ since all the tyrosine protein kinases showed K„ values in the 
millimolar of tenth millimolar range for even the best peptide substrates. 

Sequences at sites of tyrosine phosphorylation in proteins. There is very little 
data on the sequences phosphorylated in proteins by these enzymes, especially 
for physiological substrates. The only sequences known for sites of tyrosine 
phosphorylation in physiological substrates are the sites of auto- 
phosphorylation in some of the tyrosine protein kinases themselves. There 
have been a few studies on sites phosphorylated in proteins in vitro. The most 
detailed study done thus far has been on the sites phosphorylated in smooth 
muscle myosin light chain by the EGF-receptor protein kinase (35). This 
protein is a relatively good substrate for this enzyme. When the sites of 
phosphorylation were examined, it was found that there were 2 sites. Sequence 
determination showed that one site did indeed have a number of acidic 
residues on the N-terminal side of the tyrosine. However, the second site did 
not have any acidic or other charged residues in this position. The site that had 
acidic residues was phosphorylated at a faster rate but the difference was only 
a few fold. Thus the presence of acidic residues is not essential for a protein to 
be a substrate for the EGF-receptor protein kinase. 

Another example in which the sequence of a site of phosphorylation in an in 
vitro substrate has been examined is the site phosphorylated in HLA-antigen 
by pp60'" (36). Unfortunately, no kinetic parameters were determined for this 
reaction; however, there was only one site of tyrosine phosphorylation and 
again this tyrosine did not have acidic residues near its N-terminal side. 

Conclusions concerning the specificity of tyrosine protein kinases. The work 
carried out thus far demonstrates that while acidic residues are a factor in 
substrate recognition, especially for synthetic peptides, the presence of acidic 
residues in the primary sequence near the tyrosine is not an absolute 
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determinant for the recognition of sites of phosphorylation by the tyrosine 
protein kinases. It seems probable that secondary structure will also be 
important for the recognition of sites of phosphorylation by these ensy mes. It 
may be that the presence of acidic residues is more important for the 
recognition of peptide substrates. Synthetic peptides will prove useful m 
comparing the specificity of the various tyrosine protein kmases and how their 
specificity is dependent on the primary structure of the substrate. ProgrKS in 
this field will be greatly aided by the availability of punfied enzymes and the 
identification of their physiological substrates. 
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SUMMARY 

The tyrosine protein kifaases are a large family of enzymes that may be 
involved in regulating cell growth and differentiation. An important property 
of these enzymes is their substrate specificity. Defining the speaficity of these 
enzymes will contribute to a greater understanding of their biologi<^ 
functions. Synthetic peptides provide a useful means for studymg the 
specificities of protein kinases. The utility of synthetic peptides for specificity 
suidies is exempUfied by the results obtained with the cychc nucleoUde- 
dependent protein kinases. A large number of synthetic peptides have been 
tested as silbstrates for these enzymes. There are three important conclusions 
from this work. First, in terms of primary sequence, the two cyclic nudeotide- 
dependent protein kinases both require the presence of a pair of basic residues 
on the N-terminal side of the phosphoiylatable residue. Second, recognition 
of a specific secondary structure in the substrate is an equally important factor 
in the substrate specificities of these enzymes. Third, the specificiUes of the 
two cyclic nucleotide-dependent protein kinases are remarkably similar m 
terms of both primary and secondary structure recognition. 

Sequences at the sites of tyrosine phosphorylation often show the presence 
of numerous acidic residues on the N-terminal side of the tyrosine. This result 
led to the suggestion that these acidic residues might be important for the 
recognition of these sites by the tyrosine protein kinases. Specificity studies 
using synthetic peptides have provided some experimental verification of this 
concept. In the case of four tyrosine protein kmases. LSTRA cell tyrosine 
protein kinase, epidermal growth factor receptor kinase, insulin receptor 
kinase and ppeO**"" tyrosine protein kinase, the presence of aadic residues 
on the N-terminal side of the tyrosine in a synthetic peptide was a favorable 
determinant. In the case of a fifth member of the tyrosine protem kmase 
family namely pp&y" kinase, the data are less clear that the presence of acidic 
residues is involved in substrate recognition. This enzyme readUy 
phosphorylated several peptides that did not have acidic residues on the N- 
terminal side of the tyrosine. 
Although there is some indication that the presence of acidic residues on the 
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N-tcrminal side of the tyrosine is a factor in substrate recognition by several of 
the tyrosine protein kinases,/the changes in kinetic parameters with the 
various peptide substrates were rather small. In addition, some sites 
phosphorylated in proteins do not have any acidic residues on the N-terminal 
side of the phosphorylated tyrosine residue. The presence of acidic residues on 
the primary sequence near the tyrosine is not an absolute determinant for the 
recognition of sites of phosphorylation by the tyrosine protein kinases. As in 
the case of the cyclic nuclcotide-dependent protein kinases, secondary 
structure is probably also important for the recognition of sites of 
phosphorylation by the tyrosine protein kinases. 
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Identifying protein kinase 
substrates by ex^^ 
screening with solid-phase 
phosphorpa^ 

RIKIRpFU^ 

JlJ Ihtrbduction . : V; ^ , 

The biological activities of protein, kinases are evoked through phosphoryla- 
tion of their .substrate, protejns. Phosphorylation of target proteins causes 
changes, in their stnicture. stabiUty, enzymatic £icti^^ ability to; interact :with 
other moleculesi or: subcellular localization;- leading >t6; regulation of a wide 
yariety: of cellular processes. Indeed,* the identification of physiological; targets 
has been a high;priority ever since the first^ protein kinase was purified. How- 
ever, the conventional approach of purifying substrate, pr 
techniques is iaborioUs arid time consuming, arid is ^spepially difficult^^^ 
case "of scarce proteins. Ariiong^tHe approaches deyelpped to, identij^pf pte^ 
kiriase substrates in a systeriiatic riiaririer are 
■fniiiirig consensus- fph 

libraries (1) (see Chapter 16), interaction screening' for 'pfotein^^s^^ 
by. the far-western^ metliod'(2), or thej^yeast^two-hj^ridisys^ 
"■■Chapter 14). ^ " .h,.'/ yko vru.^^;_:^^;:rr.-: . \.-f9y^ki-nr-. '^^^^^^ ^ 

, In this chapter, we describe an alternative scre^mng nie^o^ 
proteiri kinase substrates. Jhis technique, tefnied; [phosphoi^la^ 
utilizes a cDN A-expressirig X phage h^ 
proteins in the solid-phase. Apphcation^q 

kinase' system reisulted'. in . the , 'isolation" of fsei^e cDNj^t encoc^ 

known arid riovei substrates (5). We have also used'pKosphdrylatiori^^^ 

to identify substrates for- cyclin E/Gdk2. (6),^ and we; expect that^it^will 'be 

generally appUcable for direct identification of physiological taf]gets'of various 

protein kinases. A similar phosphorylation screening 'n^^ 

been developed Jor the identificatiipn, of prptein-tyro^ substrates 

using a XgtU cDNA expression libraty^^^ , i • . - ^ . f . /m t 
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^' fibr^^°^^^*^°° screening of a phage expression 

In this metho^, a \gtll-like phage expression Ubrary is screened using in vitro 
sohd-phase phosphorylation with [r'^PjATP and ihe soluble pr^eL kiW 
of interest. The method-may be summarized as follows: 

l.xjl!'^^ P'^^P^^'i «^iiig>GEX5 phage vector, in which a 

(b) K^^^plSqueslof thlcbW^Ubrary are f^ and GST- 
hised recombma^t protey,s;expressed in the plaques^are tran;fe^ld 
mimobUized on mtrocellulose filteri; '• ' - ' i ' 

(c) Tlie plaque filters are incubated with a purified, active protein kinase in 
toe presence of h-'^PJATP to allow soUd-phase phbsJhorylatioT ^e 
phosphorylated plaques are visualized by autoradio^aphy. 

(d) The positive clones are characterized by cDNA sequencing, and m vitro 
Lie 1"° '° '"""'"^ physiological substrates f^^the protet 

^r^^ "^.t°* ^ f°"''-Phase>phosphorylation.screening protocol^ is based on 

phosphorylated.by ausolublevprotein kinase, with s 

Obtained m conventional liquid^pHase phosphorylation (9; lO)' Sptoilla 

t lrSl "Tf^^T^ over, other.meth^' includinSS- 
tional-substrate punficat.on,-.detenniiiatioh of- consensus^ peptide sequences 
or interaction screening: •- ■ • .r.-'u ■•, ..».: ! ,'„: -,, ;^r^"^ , ° ' 

(c) . Unlike; ;intepction.screening.meA^^^ that -do not foii^^^a 
stable complex with the protein kinase can be detected. ■ - ; °™ 

(d) -Phos^^^^ icIehtifiesl'ohIy.'^ubstrate- proteins -^teas 

^iso ^er^L^tSS 
, :"f.f«H'essuchassubumts^orregulatoi=yproteins.'' ■-■ ' - .«i «f 

?l'?'-?care,Jioweyer, spmeipptent^ 
Wtlie>Pp!icatipn,pf,tW^^ 

^'^ItZT^-'^t^ Ph^i'P!ic>nrtates4hdi^'pri;^ , 
derived from E. coli or V phagepif isi difficult.tb^'disti'ngi.ish-'ipdsit^i 
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plaques from negatives owing to high background. This problem, how- 
ever, might be minimized if an appropriate affinity system in which the 
recombinant products are selectively retained on a membrane filter is 
available [e.g. a glutathione (GSH)-derivatized cellulose filter, see 
Sections]. 

- (b) A, significant amount (e.g. microgram scale) of purified protein kinase is 
. required in an active and soluble form. 

(c) The screening may isolate not only physiological targets 

that are not physiological targets but, fortuitously; are good substrates, 
- - ' especially in the case of a protein kinase that has relatively low specificity. 

(d) Protein kinases, or other proteins that autophosphoiylate^ may also score 
4 -as-ppsitiye in the screen. This problem can be reduced by pre-incubation 

^ ; cy^r;pflihe filters; with unlabelled ATP and is also minimized if the cDNA 
r ; : ? inserts are not too long. Using randomly primed cDNAs of r-1 kb in size 
for the library ' preparation f might miM with auto- 

phosphorylating protein kinases (see Section 3.3). 

Prior to using the phosphorylation screening technique, these advantages 
and disadvantages must be fully considered to judge whether this approach is 
suitable for the protein kinase in questioii." ^ r^r^ r ? ^ > r = ; v : . p r ' i ^ 

- For the new screening method, we modified the ^phage vector Xgtll to pro- 
: . duce \GE?K, (5]g3Tie vector lias previousjy^beeTpu&^ used for 
; various, ej^ression scfeei^ strategies siich as'|immunp^^^ niicleic ' 

acid-protein interaction ' (south-Westem) r and prqteinf-prpteih ; ^interaction 
(far-We?tern) i(ll, X<jEX5 yectbf <i)ntaii^^i3{Jas^^ 

between the 1wo >^fI sites, consisting of a GolElJbrjgini tlfe' airipicillin 
resistance gene, ^andiM^ gdne feUowed^by aV^naU (O^S-k^ stuffer 
sequence {Figure 1). The iiucleotide seqtierice of the plasmid- region (pGEX- 
: PUG-ST, see ^^i^^ the iSDBJ^lyffiLyGehbank database. 

: : with^theT accession^^^^ AB014641;..The; 4^r-;sites^at':the ends ^of, the 

stuffer region are used for insertion of cDNfeof m]i?'t6^9ricb/ih size,.which 
can be esq^ressed.^^ upon induction by isopropyl p-D- 

thiogalactdpjTano^d^ following 
advantages^pyer the prij^aljXgtll^^^ p - 

; • Isolated. clpnes::ca:ri ^be rap^ by excision 

, rescue without puiifymg cDNA fragments. 

The rescu^ plasmids can^^ for cDNA sequencing 

> rbut also for' expression of .the =.GST fiiion protems-to 
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Left arm 

1 



rsjoti 
I 



Not I 



Right arm 



Not I 



Ori 



GST 



Sfil Sfil Sfil 



Not I 



Stuffer 



Amp'' 

Rgure 1. Structure of \GEX5 cloning vector. The plasmid region between two Noti sites 
Is expanded in the lower part. 

• GST, the N-tenhinal fusion partner of the recombinant product expressed 
by \GEX5, is highly soluble, easy to purify by GSH-agarose chromato- 
S^^P^Xl ^^^^' ^^<^^ ^raamv kDa) than the P-galactosidase (114 kDa) 
component of fuisidn proteins expressed by Xgtl 1^ (12). " " 

These advantages enable rapid isoiation^ subclomng, and characterization 
of a large number of positive clones at the same time, 

3.2 Preparation of vector arms 

XGEX5 phage DNA is purified from large quantities (10^^-10" pfu) of phage 
lysate by estabhshed ?nethpds= (13, 14). The XGEX5 phage; contains an amber 

M 




R^re2.^cmfirmatip^ 

armsrUndigested or S/?|-digested^\GEX5'DW^^^^ 

(left) and;<V2% iright)'agarose"gels' The left arm (22 5'kbrahd Vight arm (18 9ikb) are;hot 
clearly separated Note that no DNA fragment is visible at the position of 431, bp .^-i;^. 
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mutation (5aml00) and should be propagated using £. co/i BB4 (15); as the 
host, strain. Other strains, such as Y1090 (12) and its derivatives, may not be 
suitable. If it is hard to obtain a high titre phage lysate by liquid culture a 
large-scale plate lysate (e.g. using 20 X 150 mm agarose plates) should be used 
Weadj(l3, 14) ' 

1 Vector arms for construction of a cDNA library are prepared by Sfil 
digestion of the \GEX5 DNA. bephosphorylation of the cleaved sites is not 
necessary because the 3 --protruding, single-stranded termini (3'-CGT) of the 
ami's are hot compatible with each other; The existence of an additional 5^1 
site in the stuff er sequence helps to check whether or not the Sfil digestion is 
complete (Figure 2). After confirming that the digestion is complete, the left 
arm (22.5 kb) and right arm (18.9 kb) are purified together by sucrose density 
gradient centrifugation or by preparative agarose gel electroplioresis (13, 14). 



SDG buffer containing 10% or 40% sucrose 
[10 mM TrisrHCI, pH 8.0, 0.9 M NaCI, 5 mM 
EDTA, 10 or 40% (w/v) sucrose I 



a;; protocol 1; Preparation of XGEX5 vector arms 

nK^-X.GEX5 DNA* 

; !^» *TEi buffer (10 mM Tris-HCI, pH 8.0 or 7.5, 

;yi.^Digest SOjig of XGEXS DNA with.S^^^^ 

'fcf2if^Analyse- tvvb aliquot (20 ng and 2 p!g) of the digested DNA by 0.7% 
and-1 -2% 'agarose gel electrophoresis; respectively. It is important to 
M' ^'"cdn that no'DNA is visible at the position of the undigested XGEX5 
^'If^DHA^oh tKe^o:7% gel. On the 1;2% gel;270;bp and^161 bp bands/ but 
* Wot a; 431 bp ba be visible. If the 431 bp band is detectable; It 

i mearis 'that the Sft'l digestion is incomplete; which'-will cause a high 
£:*MTati6''bf empty phage^ bl^^ ; r - 

; : 3/'" Extract the. digested DNA orice vyith'phendl/chloVbfor-rri, and once with 
, , ^chlproforrri, and recover the DNA by ethanol precjpitatioh. ; ' ' ^ 

Ti jT^sojyeTt^ of TE buffer pH^aO, add 4 of 1 M MgClj, 

i>^ iandiincuVate for 1 K a^ to allow the coKesive terrnini of the arms 



to anneal. 



u 5. Prepare, a 10-40% Hnear sucrose gradient (12 ml) in two centrjfuge 
l;^ubes^[Bex;krn (or equivalent)!. - . . I ; , 

; 6^ Load Oi2Vml of the ahhealed DNA (40 Vg) to' 'each 

J. centrifuge (at w) for 16 h at 15*C in a Beckman SWfl.Ti 

^ ■ " rotm:'^ , . . • 

T.tCdllect:^ 0?drops (0:6-0.7; mDiiof^fractions through ;a; 20G; needle:from . 

f :-:^Hthe^bpttom'bf thefceritrlfuge^t ^f^^-* ;?rvjT/, t;^* > t^t, --i^ ^^rr^; t^. 
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Protocol i. Continued 

8. Remove 10 >l of each fraction and analyse by 0.7% agarose gel 
electrophoresis. 

9. Pool the fractions that contain the annealed and unannealed arms. 
Dilute the pooled fractions with an equal volume of TE buffer pH 7.5 
and recover the DNA by ethanol precipitation. 

•The XGEX5 vector is available on request through the DNA bank laboratory at Tsukuba Life 
Science Center, the Institute of Physical and Chemical Research (RIKEN), Tsukuba 305-0074, 
Japan. The ID number of the XGEX5 vector is RDB191 1 . 



3.3 Preparation of Sfll adaptor-ligated cDNA 

Although synthesis of double-stranded cDNA is an important step for cDNA 
cloning, a detailed description of this step is beyond the scope of this chapter. 
Double-stranded cDNA can be synthesized from poly(A)^RNA using an 
oligo(dT) primer or random hexanucleotide primers by a general method for 
cDNA synthesis (13, 14) or usmg an appropriate kit. 01igo(dT)-primed cDNA 
libraries are prone to be rich in clones that contains only the C-terminal part 
of a protein,- On the other hand- randomly primed cDNA hbraries evenly 
cover every part of a protein in principle, although they often contain a high 
percentage of cDNAs for ribosomal RNAs. At the fmal stage of cDNA 
synthesis, the ends of the double -stranded cDNA should be blunted '^or 
adaptor Ugation. Two 5' -phosphorylated oligonucleotides are annealed to 
form an adaptor,- which has a blunt end and a non-palmdromic, single- 
stranded overhang (y-ACG^ with the cloning sites of the 5^1- 
digested XGE^^vaimsi^ Ugation, the cDNA sis separated by 
agarose gel eledrophioresjs,!^^^ cDNA . whose size is larger than. ^0.8 kb 
in length is re90vereid ;t^ If the cE)NA is synthesized with 
random primers, itfmay^be a good idea to fractionate only cDNA of ^1 kb in 
size, in order toMnit^ with autophosphoiylating protein kmases. 
A large, Mouqtof ex^ can^beer^mbved through the size 
fractionation step;; ' A'rr^'*"-^'" V 



Protocol^. -.i Adaptorvliga^^ size fractibriatlpn of double- 
stranded cDNA 



Reagents -^';> - 

• 5'-phosphorylated oligonudeotides ' [12 
mer:.5'-pd(CCAGCACCTGCA)-3'; 9 men 5'- 
pd(AGGTGCtGG)^] ' ■ ^ ~' ^ ■ = ' 



•A'?: 



• 10 X ligase biiffe^^^ (0.5 M Tri's-4HCl;"pH 7.5, 
0.1 M MgCli, 0._1 M DTT. 10 mM ATP) 



Method : . .-in:--.. ■,. . . -j; 

1. Mal<e up afrbligoriucleotide mixture containing 2:4 and 1.8;p,g ofthe 12- 
rtier and 9-mer oligonucleotides, respectively;! n 20>l of 10 mM MgClz. 
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13: Identifying protein kinase substrates by expression screening 

2. Incubate the mixture at 80"'C for 2 min, allow to cool slowly to room 
temperature over a period of about 60 min, and then chill on ice. 

3. Mix in the following order: 
BSfilofHjO 

20 jlI of the annealed oligonucleotides 
10 jil (1-2 jtg) of double-stranded cDNA 
10 111 of 10 X tigase buffer 
1 iL\ of 10 units/ixl of T4 polynucleotide kinase 
4 jlI of 400 units/|xl T4 DNA ligase 

4. Incubate the mixture (100 ^^\ ) for 6^14 h at 16**C. Recover the DNA by 
; ;i;phenol/chloroform extraction and ethanol precipitation. 

'5. Dissolve the adaptor-ligated cDNA in 20-50 ^,1 of TE buffer pH 8.0, and 
separate the DNA fragments by preparative electrophoresis on a 1% 
agarose gel. 

6. Locate the region of DNA fragments larger than 0.8 kb in size by using 
appropriate DNA size markers; and recover the size-fractionated DNA 
fronii the agarose gel by electroelution. 



'4daptpr-iigated^ and size-fractionated cDNA molecules can now be 
ijgated^to arms, foliowed by packaging of the ligated 

DN A. into^ bacteriophage particles using an in vitro packaging reactipn. We 
usuaUy^use,9^ kits for this ligatiori (e.g. DNA ligation kit 

^eMon^Ii sPanVer and in vitro packaging (Stratagene Gigapack 

GoW,^!iquiyalent^ to the manufacturer's instriictions. It is 

desirable , to. carry out pilot ligations to (Optimize the ratio of cDNA to.ye^^ 
armftor .effi^ production of recombinant phages. Also, a cpntroi ^h^^ 
without^ is essentiiai to check,the background level of emptjf phage. The 
ti'tre of 4he /m v/f^^ phage is;deterinined,on £. co/^^ pfu in 

the original, packaged phage is the number of independent clones in the 
library. 'If necessary, the cDNA library can be amplified once by propagating 
phages in cct// BB4 on agar plat^^^ 

3.5 , epnstructionJof a positive control phage for screening 

Im phosphorylation screening; conditions for screening .musti be ^determined 
experimentally for each protein kinase: For this purpose, ideally one needs to 
have a 'positive control phage that expresses the- GST fusion protein of an 
appropriate substrate protein (or peptide) for the protein kinase being used 
for the screening (assiiming that :onens known):<Thei positive controbphage 
can-be constructed by Ugating the 5^1-digested XGEX5 arms to an appropri- 
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ate substrate cDNA produced by PGR with 5^1 site-containing primers. For 
the screening of ERKl MAP kinase substrates, we. constructed, a \GEX5 
recombinant encoding the C-terminal region of a transcription factor Elk-1 
(XGEX-Elk-C), which contains multiple ERK phosphorylation sites (5, 16). 
Similarly, a GST fusion protein of the C-terminal domain of' the retino- 
blastoma protein (GST-Rb) worked weU as a positive control in a screen for 
cyclin E/Cdk2 substrates (6). 

4. Phosphprylation screening 

In this section we describe protocols for solid-phase phosphorylation; using as 
an example substrate^ screening with ERKl. MAP kinase (5)., Points to be 
considered for application to other protein kinases wiU also be discussed. 

4.1-Preparation of protein kinase for phosphorylation 
. screening /...^ . 

The protein kinase used for phosphorylation screening must be soluble, 
active, and sufficiently pure. Care should be taken to avoid the presence of 
significant amounts of other protein kinases.. Large-scale production and 
purification of recombinant nrot«in-KnaL^1^A.;Mril^<fi^.UB^ 



tagged|b>^§Sid^^tJi^^ ^^i^^iiy : ^ifiifi^a^^i^ 

mckelraffini^Tcblimin chromato^^ ^^:^-o 5-^^: > h: v<ii ^nu 

4.2 Prep^atiinroiEplaqiie^^^ '''^'^^ 




plated;on^agai;plat«s|a^|^^ 

mduced^-bir^oyerlayiig>cI^ filter^Bonitb^the 

plaques/^Platingcdensity;^hould^be-mTthei ra^^ id^plaques^jier 




signals;t**^-^4^^^SfBeH^k*;btJ*i£5^l^^^ 
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13: Identifying protein kinase substrates by expression screening 



Protocol 3. Plating out XGEX5 library and immobilization of 
plaques on filters 



• TB medium (1% bacto-tryptone, 0.5% NaCl) 

• top agarose {0.7% agarose in NZCYM 
medium) 

• nitrocellulose filters {137 mm in diameter, 
Schleicher & Schuoll BA85 (0.45 or 
equivalent] 

• isopropyl p-D-thiogalactopyranoside (IPTG, 
10 mM) ' 



Reag^is 

• E^co/f BB4 strain (Stratagene) 
L.. SM.(50 mM TrIs-HCl. pH 7.5, 100 mM NaCI, 

;Hlb mM MgS0* and 2% gelatin) 
y ; NZCYM' medium (1% NZ ■ amine, 0.1% 

>v1casamino-'acids, 0.5% bacto-yeast extract, 
i% NaCl, 10 mM MgSO*; adjust the pH to 
* 'V--7.5 With'1'N Na0H) ' 
■ E V;agar plates (60-80 ml- of 1.5% agar In 
. V NZGYM medium per>150 mm plate) 

.Method 

; ^T.v Bick<up a single colony of BB4 and grow cells in TB medium containing 
' 0.2% maltose, 10 mM MgSO*, and 12.5 ^^g/m\ tetracycline" at 30 ^"0 
, overnight. Centrifuge the^_cells,atT500.p,for,ip.min an^ resuspendjn 
. 5''lb mM'MgSO^^at a density^ofAoo = 2.0. Tha plating, bacteria, c^ be 
;.:>;i^',stpred^at,4X,for,Mptq r- 
^h^J pripare 1.5-2 x 10^ pfu/ml of XGEX5 library-phageJn SM. . , 
^-:>;5MifeOr^^^ phage with 0.5 mlof plating 

'l>acteria and incubate for 15 
^V Addi ml of molten (50?C} tof) agarose, ,mix^ell,;and pour on to 1.5% 
^'li^SgSS^ the plates at room temperature 

l^or'ISvm ■ ■ . . 

^'^jj5:%lncubate,a^^ ,y.,a^.. ..^^^u-'r .... . ■:• -.-i:- - ^-^^-sv- 

: 6ir.Soak.;nltrocellulose filters with 10 mM IPTG and remove vthe excess 
>.Vg;b;jiqujd by laying on VVhatnian-SMM - ; ^ 

f-4kbverlay the plates with the?lf?TGrimpregnated.nitrocellulose filters. Do 
'^riot'allqwthecplates to cooL^ii; iv . v if - ■ j 

:.8;V^lncubate,at37?Cifor another,6-10^h:; > ^ 

■ ^'S^^ teci^ and tel' genes, the original strain sKould be 

; maintainedjhttHe presence of tetracycline, ?: > ' :)» ■ 



[4.3^Solidrphase phosphoryl^^^^ 




clones whos^vproaiictsiHave.anMtophosphpryU^^ 
as discussed in: Section 2.. Frofoa?/^;describes, an example of this step with 
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KSL^J)""' out substrate screening for ERKl 



Protocol 4. Solid-phase phosphorylation with ERKl MAP kinase 



Equipment and reagents 

• rotating platform 

• blocking solution (20 mM Tris-HCI, pH 8 0 
150 iTiM NaCI; 3% BSA, 1% Triton X-700) ' ' 

• Triton wash buffer (20 mM Trts-HCt, pH 7 5 
ISO mM NaCI, 10 mM EDTA, 1 mM EGTA.' 

PMSF) °" ^ ""^ ""^ 



- MARK reaction buffer (20 mM Hepes-NaOH 
pH 7 5,10 mM MgClj, 50 mM NaaVO*, 5 
mM ^-glycerophosphate, 5 mM NaF, 2 mM 
DTT, 0.1% Triton X-100)> 

• MARK wash buffer (20 mM Tris-HCI, pH 
7.5 150 mM NaCI, 10 mM EDTA. 1 mM 
EGTA, 20 mM NaF, 0.1% Triton X-100) 



4. 



5. 



6. 



Method 

2h I n^ee^^^^^^ '° room temperature. Mark the filters asymmetrically 

^■^1 ^-'^fr^' ^nd^i^^me;^^ one by one into a large 

volume (at least 200 ml for 20 filters) ^f blocking solution! Thfough^ 
the following steps, filters should be kept wet and under gentle 
agitation (unless stated otherwise); ; 

^'t^^e^'^ "^"^'^ on a rx,tatin^ platform for 60= min at room 

robWv temperature in 

^0^00 ml of Tritonwash buffer. Slightly Wore vigorous^agitation is 
required to remove bacterial debris frdm^the filters^^^ ^ r ^ . 

Taction .t.uffer .containingi 25-100;ihM;' unlabelledi ATP Mc-rnask 
proteins that have autophosphorylating and/or Afebinaing activities 

7. Wash thefilters for 10 min in 200.m|:of MAPK reactioh buffer'without 

8. Incubate the' filters for'^0 min « ro;nvt^;eraiure;(o;OTX,li^n'^lr 
.Mi.^batqn,.s,ayall^W^ 

buffer cpntapg 25 ,unlabelled ATP, 5 ^Ci/ml (^-''PIATP, and 
1 IIS??lTP^nfied_human ER!<;itMA^Mclnaiej^,at,lea^ 

.«'.f!!s&,#3025)js^^ 

.,MAPK,washibuffer.without5Trltdn XLIOOaMH r,r,Y. h^,,ri^J! 
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10. Dry the filters on paper towels, and arrange on a paper sheet for 
autoradiography. 



4.4 Identification of cDNA clones encoding substrate 
candidates 

•ThepSosphorylated filters are exposed to X-ray film to identify positive plaques 
by autoradiography. The intensities of radioactive signals are generally quite 
Variable from plaque to plaque, presumably because the recombinant pro- 
teins are expressed at' different levels/and also because; th^^^^ all 
Equally efficient substrates and are therefore phosphorylated to different 
extents: Therefore, for practical reasons, it is advisable to decide to pick up 
only a hmited number (perhaps -100) clones, in order of intensity, from the 
plates in the primary screening. It may often be difficult to discrimmate truly 
phosphorylated plaques from false-positive spots. This problem can be over- 
tome by making an additional autpradipgram of the same filter with much 
ihorter exposure. GeneraUy speakmg, pinpoint signals with a sh 
iii- the,short exposure are false-positives,, whereas,^ plaques give 

ratpr dim,'fuzzier sighak wit^ certain range of sizes. Therefore, most false- 
positive' sisals can be easily excluded by jcarefiilly comparing signals in the 
corresponding position in the two autoradiographs. If it is possible, it will also 
help td%clude a positive \GEX substrate cbntrorplate, since this wiU mdi- 
cate the^soft *of signal intensity and morphology to expect for true positive 
plaques in' the screen (see Section 4.5). Alternatively, primary screemng may 
be carried out in dupUcate (13). By comparing the duplicate filters, true plaques 
cah^be,easUy identified,as reproducible signals., Since most,plaques are m 
cbhtact Avith one another in the primary screening, phage clones must be pun- 
fieS^by secondary.screening in which the phages are, plated out more sparsely. 
TTiis^tsteF^ also confirms whether ^the proteins expressed r in the plaques 
identified^^i^ the primary screening are truly phosphorylated by , the protem 
kinasev ' ' ly^r:-^^/ ■ 



RrptbcolB. 



.ldentificatipn:andJsx)lMio 



Equipment and reagents . . ..... 

• aa, Protocols 3 and 4 , . , . - . . v ■ : 

^ Method^ ^ ^^..^^^ 'i.-:- -r-.' i.r-^- -vr.-.M^; ■^- ■' ■^ :W-'-i.^rv^: - 
^"r/ixpose==the phosphorylated^filt^ at ^O'Q 

' >C "wrthTar^Jntensifying screen. IVIake at^least^two, sets of autqradiogram^ . , 
Vi^iwitK^differentexposu^ 9*^^ 
^ : - witrva^much shprter^^ f*.- -^r. ; ;i ■ ^ -r :^ - ' 

:r2;JMark str6rng signals on the long'exp^^ ' 
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Protocols. Continued 

their corresponding' signals on the short exposure films. Identify 
sharp, pinpoint signals on the short exposure films, which should be 
false-positives. Mark them again differentially on the long exposure 
films for exclusion. 

3. Align the long exposure films with the filter sheets. Mark the positions 
of the asymmetric needle spots on the filters. 

4. Identify thejocations of positive plaques, and remove a relatively large 
agar plug (2-4 mm in diameter) from each position to be certain of 
recovering the positive clone. 

5. Transfer the agar plug to 1 ml of SM containing 2 drops of chloroform, 
and incubate for 1-2 h at room temperature. Measure the titre of each 
phage stock. 

6. Replate each phage stock on to a 90 mm agar plate at a low density 
(200-500 plaques per plate) and transfer the plaques to 85 mm nitro- 
cellulose filters as described in Protoco/ 3. 

7. Repeat solid-phase priosphoryl^ filters as described 
in Pfofoco/ 4. "Use 0;7 ml^ buffer per filter. Expose 
the phbsphbrYlateld filters to^X 

8. Iclentify a single, well-isojated; positive plaque (clone) on each plate. If 
it is difficult to obtain a single plaque, repeat steps 3-8 to purify a 
phage clone. . , ^ 



Figure 3 shows a typical result of solid-phase phosphorylation using ERKl 
MAP Kinase; lii ihe control experiment mth positive ^^^^(^^ 
negative (\GEX5) control phages; these two phages gave a clear contrast in 
intensity of radioactive signals; -In the actual sci-eening of a HeLa- cDNA 
library;, however, signals" of various degrees of intensity i are observed as 
discussed above. . , -! . ^ 

4.5 Op timizatibh of screening coniiitioi^ 
phages 

Since opthiium conditions for phosphotransfer rdictions are "qiiit^^ 
amongst protein kinases, screening conditions should be expemhentally de- 
termined for each protein kinase being used. Components of reaction buffer 
to be considered would be pH; species and concentrations of monovalent and 
divalent cations;' type of detergent, protease inhibitors, phosphatase^ inhibi-: 
tors; other additivesv-ahd so forth; depeiidiilg bh the eiizymbldgical pf bpertiesj 
of the protein' kinase: llie^preisence^:6f'detergerit?(e:^ 
P-40, Tween 20, etc.) in the buffers is helpful to reduoe false-p^^^^^ 
mostof>.wWch' seem; to be 'derivedifrom dust or bacterial; debris/ is- 
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^XGEX-Elk-C : W3EX5 = 1 :100 



HeLa cDNA library 



fpigureS.' Autoradiogram of a solid-phase phosphorYlation screen. Phage plaques (4000 
pfu^iper SO^mm agar plate) were transferred to 85 nnm nitrocellulose filters and then 
:subjected: to phosphorylation screening with ERK1 MAP kinase according to Protocols 3 
Land:^^4 .Left::a 1:100 mixture of the positive control phage (XGEX-Elk-C) and a negative 
^contrd (\GEX5}. Right: screening of HeLa cDNA library. Filfed triarigles indicate 

^positive plaques whereas open triangles indicate false-positives. Although these signals 
Icahndt^be' distinguished in this figure, sigrials indicated 'by open triangles showed up as 
jpiripoint spots On a short exposure film (not shown). 

desirable to include a detergent at least in the washing buffers unless the 
iproteiri kinase is highly sensitive to it. There are no general rules for the con- 
centration and specific radioactivity of [77^^?] ATP,, concentration of protein 
kinase, reaction temperature, and duration' Th'erefore, the first trial should be 
!perf6rmed in^ the reaction mixture that:^is usually-used for the in-solution 
Ikinasefassay. of the protein kinase. In practice, however, a ^simple scaling 
iupLfmm^test-tiibe (10-50 |xl) to culture dish (10^50 ml) may not be easy, 
especially ; for the quantities of the' protein ^kinase and radioactive ATP 
: needed. Fortunately, a reduction in concentration of these components may 
be compensated to some extent by raising the specific activity of [7-^^P]ATP 
;(i.e. reducing the. concentration of unlabelled ATP) and by changing the 
■incubation time^for phosphorylation and the ' exposure time of autoradi- 
ography.: lOptimization of .these three parameters is particularly important to 
obtain a good jSignal-to-noise ratio in . 
! i . Ide^y,rdete lie carried out using 

positive f and' negative contror phages. If a substrate' for the protein kinase in 
question is already "known,; the positive c6ntrol phage can be constructed as 
described in Section 3,5,'If not, reactio may need to be checked 

while, an^ctual^^ is being peiforined with a cDNA that 
posiUv^ 

negative control phage, though, this.>phage,expresse^^ 
. with an artificial C-terminal- sequence derived ^fromc the stuff er-regiOnt(GST- 
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stuffer). If the stuffer-derived sequence (58 amino adds; DDBJ/EMBU 
GenBank accession number AB014641) contains any potential phosphoryla- 
tion sites for the protein kinase, it may be necessary to construct another 
control phage expressing only the GST region. It is desirable to check in 
advance whether the GST-fused substrate protein (or peptide) is phosphory- 
lated by the protein kinase much more efficiently than the negative construct 
(GST-stuffer or GST itself ) in a test-tube assay (for example, se& Figure 5, 
lanes of GST and GST-Elk-C). If the fusion protein is not phosphorylated or 
is poorly phosphorylated, other constructs should be considered. Also, there 
is a possibility that GST itself may act as a good substrate for the protein 
kinase. In this case, other vector systems such as Xgtll (U, 12) or XZAP (18) 
may have to be used instead. - 

The control experiment can be performed using 90 mm agar plates on 
which either of the control phages and a series of mixtures of the two control 
phages are plated out at a density of 4-^ X 10^ plaques per filter. The ratios of 
the positive and negative control phages in the mixtures should be, for 
example, 1:10, 1:100, and 1:1000. The autoradiogram of solid-phase phos- 
phorylation of these filters helps to estimate the difference in intensity 
between positive and negative signals, the background level in radioactivity, of 
plaques and E, coli lawn, and the frequency of appearance of false-positive 
signals. If the model experiment works well, the number of strong signals 
should change amongst the filters in direct proportion to the ratio of the 
positive phages in the mixtures (F/^wre 5). 

5. Conversion of phage clones into plasmids 

If positive {)laques give clearly stronger signals than the remaining clones in the 
secondary screening, this means that the first step of the screening is successful. ; 
For further characterization,, positive clones now have to be converted j into ; 
plasmids that contain their cognate cDNA. Protocol 6 describes a rapid plate ! 

XGEX5 NotI Nott S8e8387f 




Figure 4. Schematic represeritat|on of excision rescue. After digestion of phage p^^ > 
Wort, the ptasmid region containing cDNA' ca'n'be' recovered 'by self-ligation.' ln^the v 
resulting pGEX-P0C-3T plasmtd, the Sffl sites used for cDNA cldrilng are^hot regenerated ' 
but.Sse8387l sites.are availabte to excise.the cDNA fragment-it v v . ^ .ii.^?,, ;.; 
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lysate method for preparing DNA from multiple (10-100) phage clones at the 
same time. The cDNA-containing plasmid (pGEX-PUC-3T) can be recovered 
!by, ivort digestion of the phage DNA followed by self-circularization, as 
described in Protocol 7. We recommend E. coli XLl-Blue (15) as the host 
istrain for the transformation of this plasmid, A schematic representation of this 
process is shown in F/^wre 4. 



Protocol 6. Rapid, small-scale preparation of \GEX5 phage DNA 



Reagents 

. X diluent (10 mM Tris-HCI, pH 7.S, 10 mM 
MgS04l 

• 50 X DNase/RNase mixture (0.1 mg/ml 
DNase I, 1 mg/m) RNase A; make up 1 x 
pNase/RNase mixture in X diluent just 

^ibiefore use) 



• 35 mm agarose* plates in 6-well tissue 
culture plate (3 ml of 1.5% agarose in 
NZCYM medium per well) 

• extraction buffer (10 mM Tris-HCI, pH 8.0, 
0.1 M NaCI, 10 mM EDTA, 0.1% SDS) 



^Method 

1. Using a pasteur pipette, pick a single plaque and place In 0.5 ml of SM 

containing one drop of chloroform. Incubate the suspension for 1-2 h 

at room temperature. 
J2i Wlix 20 jxl of the phage suspension with 30 jjil of plating bacteria {BB4, 

yAgoo = 2 0) and incubate for 15 min at 37 "C. 
,,3. Add 0.4.ml of molten (BCC) top agarose* (0.7% agarose in NZCYM 

medium), and spread the bacterial suspension on the surface of 
. SB^mm agarose plates in 6-well tissue culture plates. 

4. -Incubate at 37 "C overnight (10-16 h) to reach confluent lysis., ■ 

. 5: Directly add 0.65 ml of X diluent containing. 2 M,g/ml DNase I and 
> e20 M-g/ml RNase A on to the surface of the top agarose, and incubate 
: for,'1.5-2 h at room temperature with constant, gentle shaking. 

: 6. 'Transfer the phage suspension- (usually 0:4-0.5 ml)' to a' microfuge 
' J>?; "tube,^ add 30>l of chloroforiri, and Vortex for 5-10 sec. ' ^ 

7; After centrifugation for 1 min, transfer 0.4 ml of the aqueous super- 
^ natant to a microfuge tube. Do not'take any bacterial debris. 

8y^.^dd 0.4 nil of \ diluent containing 20%.(wA^) polyethylene glycol 8000 
and 2 M NaCI. Mix by vortexing, andjncubate fori h on ice, _ 

:9.L.Cehtrifuge at 10000 p for 10 min at 4*C. Remove the supernatant, 
leaving 30-50>l behind. Recentrifuge briefly to bring the liquid on the 
walls of the tube to the bottom, and remove the remaining super- 

..natanti^''^^^"^ -'^^ ^::^-i.Hu ■ Jo.s u;-- ^. ^ : .ri , 

'10; Acid lOO^iil of extraction buffer, dissolve the phage pellist by= vortex- 
: ing, and incubate for 10 min at 68*C. ' ^ ^ . : ,i, - 
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12, Dissolve the DNA in 100 ^1 of TE buffer pH 8.0. 

'r^'^ :1T:-J>^'' ^ Phage DNA , 



restriction enzyme digestion. 



^ prepared from agar plates is often resistant to 



Equipment and reagents 



.'y^^/^^f on "fixture [for 10 reactions, 45 
^ f *^*?'' 1° of 10 X Wort buffer (NEB 
or eqmvalent) and 5.».l (t-25 units) of /Vofl 
prepare the mixture on ice just befire usej 

* bacto-tryptone, 1% 

bacto-yeast extract, 0.5% NaCI) 



. ligase reaction mixture [for 10 reactions 

bTforX?^"^^^^^^^^'^"--'-^^^ 
• XLl-Blue competent cells (Stratagene) 



2. 



3. 



Method 

then at 70»C for 20 min « for 1 H, a'd 

iS^SS^'S^ ^""'V vorte.iino the piete, and 

• '%h.aiHing a> cb5!?S^ S 
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13: Identifying protein kinase substrates by expression screening 
f Can the cDNA-encoded polypeptide reaUy act as a substrate for the protein 
' kinase? 

• Does the polypeptide sequence represent at least a part of any naturally 
existing protein? 

The former point can be examined by in vitro phosphorylation assay of 
each of the purified GST fusion proteins. The latter question anses smce a 
polypeptide translated from a wrong reading frame or non-codmg region of 
' bDNA could be a good substrate by chance. Fortunately, clones that encode 
Lch artefactual products can be effectively excluded frona the list of 
candidates by checking their product sizes on SDS-PAGE (see Section 6.1). 

(B.llPurification and analysis of GST fusion proteins 
r S mcoded by candidate clones 

GSi^-fused recombinant proteins encoded by the rescued plasmids can be 
expM^ in small bacterial cultures, purified by GSH-agarose affinity beads, 
antfthin tested for phosphbrylatid by the protein kinase. An SDS-PAGb 
: Analysis of the phosphorylated GST fusion proteins offers information about 
thdr sizes and extent of pliosphorylation. 



if>rotocol 8. Analysis of GST fusion proteins produced by 
candidate clones 



M 



mM 
mM 



• lysozyme solution (5 mg/ml in 0.1 

Tris-HCl, pH 8.0) 
. 2 X SB (0.1 M Tris-HCl, pH 6:8, 4% SDS, 

20% glycerol, 40% 2-mercaptoethanol, 

0.04% bromophenol blue) 



Equipment and reagents 

- sohicator with a microtip 

.. TLB (50 mM Hepes-NaOH, pH 7.4, 150 
* '--NaCl; 10% 1% Triton-XlOO, 1 

:r , EGTA, ,1 mM DTT, 1 mM PMSF) 
J • GSH^garose beads (Sigma, or equivalent) 
-'^^'l' ■ ■ ■' ■ 

Method^ 

/ l.-Rick a single colony and inoculate 3 ml of 2 x YT medium containing 
dJrbi.iro glucose andf 100 jjig/ml ampicillin. Incubate overnight (12-18 h) 

i-2. Place aiS ml of the'overhight culture into a microfuge tube contain- 
' ^''- ing of 60% sterile glycerol. Mix well and store at -70 as a 
^ glycerol stock."' 
i Tlace '1.35 rnl of the overnight culture into^^al^ m^ 
7 ^^^^^^^^^^^ "^iniPrep metHpd . suitable for DNA 

^_'^;sequencing. _ _ ..^ ^.-^ U t. v j ■ ' * 

i^^Add 7^ til oMOO mM IPTG, to the remaining culture (1.5 ml), and 
J incubate Jxpi^>-4 h at 37,^C . ^ ;ivi. .'; n i. r ;^ - - ^ 
.^B^^Transfe ' 
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« 10?,^^^^^^ -suspended the bactena. 

' -"-^-^ so,.t.on, ..x, and ,eave on 

tube. """^ transfer the supernatant to a fresh 

so of the same buffer aL n,^T;::'rtt ng ' '° "^^"^'^ 

" -o":^eirtLbii^d r; - - - -ds 

250 unlabelled ATP, aslc of W ^Pu™"'"" •=°"'«'"'"9 

MAP kinase. Incubate the rea« m J T; °' ^"^T 

, 30-C with occasional agitatbn 30-60 min at 
1 1. Add 25 (jil of 2 X SB hnii f 

ataos. all of the reco^SS °° weSl ''h 

kwase « ™ore tHan half of S We^ Gs7 '^'^'"^ ^^^1 M/S 
fusion partnerr(S5, S6, S8,- S17 arid^QT^ GST protems with a veiy short 

r''°''^''''''^''y''^^^^S2J^rTf ""^^-y-^ that 

from out-pf.franie .ligation, of c5)X^ ^heff ^^''''"''P''*^"«»'l^rived 

selected 32 clones thai expressed GST f, O"' 420 clones we 

total si.e (i.e. with . tusi^:X^>^'^^rt^ 

(5) Eve^ recombmant product of h^e?2 I. ^"acterization 

snl^ forE^ aid-fa Mkehr io^^^f'-'^ « «ood /« yitro 

protem (see Sectibn 6.2)1 GeneraS'^ ' t ^^P^'* ''^^^ 

only clones that produce a GST fi?^ " « advisable to^S 

example;32 kDa^wKcLeSs u,ir ^ "^"^ ^ « liigJ^'IrE 

tKles Of <5 fcDa should bTexSd i^r « <=I>NA-deriledipoSe° 

--.enc.o,appeara„.„,-X^^^ 
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Jiv ^9Vr»5v'j^ vitro phosphorylation analysis of positive clones in a screen for ERK1 
ll :V8utMttfafe^ (S2-S8 and S17-S20) obtained In the screening were 

(i^ ; . corw iiitb plasniid clones, and then their GST fusion proteins were, expressed and 

pMed^ GSH-agarose. The resulting GST fusion proteins together with GST and 
. GSt^ik-C.we phosphoryiated -by ERK1 MAP kinase in the presence of [r^P]ATP and 

analy^ blue staining of the gel. Right: autoradiogram of 

^ V the- safe itself was not phbsphoryjated at all whereas the artefactual 

"j; Irecomp S6;'S8, S17/and 819) with similar srnair sizes and quantities were 

/ ; relatively weakly phbsphon^^ ' 

; \ the>prptein kinase, ^ is probably desirable to exclude artefacts by checking 
.: - vy't^^^^^ protein prior to sequendrig. 

:lS^;^2|^E^iie^^ ^ 

:,:^^^ 5^>i^ 3'-nucleotide sequences of the candidate clones can be:deter- 
. ■■niiri^ using oUgonucle^^ designed to anneal just outside the cloning 

; ^jsites.^Aimno acid sequences oft fusion proteinscan be easily deduced from 
V ; the ;5 'Thucleotide sequence. The nucleotide and amino acid sequences; should 
■ . be subjected, to identity/homology searches, usingv a programs such 

;as BbASTj (19).rl^^ cDNA encodesia, polypeptide sequence that is 

identical or sipM^ of any ;knowniproteini this infonnatipn may.offer 

clues with regard to further a^ may, be very ^ plausible 

caiididates; for physiological rtargets,i -whereas r some others inay^ • be i most 
unUkely (e.g. ;secreted proteins). :The nucleotide, sequences ofrsome, clones 
niay be- found in an^EST, (expressed sequence tag), database, which may, offer 
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strates. p90«^K2 '"^'"^ "g two known physiological ERK sub- 

encoded a new MAPk^,2Z"£'^T''t'''' °' '"^ novel clones 
kinase, named MNKl was an 1 Wv/, " i''""'' P^'^i" 
Although we have no! ZacteLTo^f * ^^""^ '''"^^^ (5). 

contained potential MAP tole ^tnf v °f 'hem 

their amino add sequences InT„otSr '°"f'"^ °' 
, positive clones were idenSed S o X o"^^^^^^^^ ^"^^^ ^"b^'^^'-' ^4 
cDNA library. At least two of »hL ■ u ""^P^"''"' ^ones of the HeLa 

one is caldesmon and hi «her t a no^:, f '° ^ ^'"^ 

role in cytokinesis (6). P™'"'"' PRCl, that plays a 

ft^-tion of the identified 



, ^^^z^^'^:::^^:^ t ^ " — ^y to 

showing identity or homo o^ to sS k„o °' 

help to inform (his decision^n theTase" f?or"'T^^ '"f"™^^™ ean 

easy to choose one out of the Lndidates 1^^/ 

ments need to be done to guide sScTo„ ATn^°nl'^ some additional experi- 
test whether each GST-fusid "ubstate nrn,^- "'"P'^«'iP"""ent would be to 
an in vitro binding assayTa subs S° " ' ^""""" ^^ 

form a complex, ma/be Z^SfnT^^ "^'r 
expression patterns of the candidates bv Nn/t^ '^"^"'^''^ely, analysis of 
be helpful. If ai clone shorfl?l/.r ? ^''"''^''"'"^^''"■'■"ay 
type specificity, WllcycrdeLndercrH? !' P^"^™ ^ 

expression, thi may sugJrsJme ^ht^^^^^^^ 

kinase and substrate Physiological relationship between the 

phSSL'sieSg::!^ identified by phos- 

a physiological target of the oroS ? '"""'"^'^ "■«'' P'^^en to be 

only by in\i.o ^n^it^lf iZn:^^^^ 

the newly identified 
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fphosphorylation. Although there is no general strategy for this purpose, isola- 
^tipn^and sequence determination of a full-length cDNA clone, as well as 
,production of antibodies, are essential steps. Various experiments such as 
ioyerexpression or ectopic expression, decreasing expiression by antisense 
.methods, or inhibition of protein function by antibody microinjection, may 
;suggest possible roles for the protein in vivo. Also, it may be informative to 
examine the subcellular localization and kinetics of synthesis and degradation 
lOf jthe protein. Furthermore, determination of the sites phosphorylated in 
iv/;ra and in vivo, and mutation of these sites, would help to elucidate the 
-biological significance of phosphorylation in regulating the function of the 
,prptein kinase target. 

^8. 'Application to other protein kinases 

^The phosphorylation screening approach is, in principle, generally applicable 
ito;iall,;protein kinases. A major problem that may arise in some cases, as 
^discussed in Section 2, is a high background caused by strong phosphorylation 
pfr an endogenous protein(s) derived from E. coli or X phage. The severity of 
,thisvbackground noise may depend on the substrate specificity of the protein 
ikinase, used. Although we did not encounter this problem in the screens for 
yERKl MAP kinase and cycHn E/Cdk2 substrates, which are both proline- 
■directed protein kinases, a preliminary experiment with the catalytic subunit 
ipf cAMPrdependent protein kinase showed indistinguishable signals between 
.positive and negative plaques. , The high background problem may be over- 
iCdine.if /it is possible to develop a GSH-derivatized filter on to which the 
^ST:rfused recombinants can selectively be immobilized.; The use of this 
Iffinitysfilter system should, in principle, reduce the background problem 
icaused by bacterial proteins. No such GSH filter is yet commercially available, 
\but:in preliniinary experiments we have coupled GSH to cellulose, filters and 
have found that the XGEX5/GSH-cellulose filter system seemed to work well 
ior ERKi. However, further development is required for practical, large-scale 
■,4^age.j;::;«,^ : ■■ - - ■ ■■ } 

r i Another modification for reducing the problem of a . high .background may 
.bejppssible. Some protein kinases prove to form a relatively^ stable complex 
>wiUi/th.eirr through a, domain. distinct from the phosphorylation site, 

as is^the case for JNK and c-Jun (20^-22), and for certain, MAP kinases and 
MAP- kinase kinases (23, 24). As discussed in Section 7, this phenomenon 
might' be of use to select some clones out of a great number of substrate candi- 
dates iii the phosphorylation screening. Carrying this idea one step further, a 
rnodified screening method may be applicable to some protein Idnases. In this 
aiternatiye protocol,, pl^^ are first ;pre-incubated with the-protein 

; kinase in the absence of ATP, to r allow the kinase; to bind recombinant sub- 
strates, lien the filters are briefly washed to remove the excess, unbound 
protein ikinase (different stringencies of washing could usefully be tried), and 
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subsequenay incubated in the presence of ^-^^pj^TP to aUow phospho- 
transfer to occur within the kinase-substrate complex. We have not tested this 
alternative method, but it may reduce background signals derived from non- 
specific phosphorylation, and would be a way of identifymg substrates that 
have a high affinity binding site. In fact, phosphorylation screening may work 
weU because, with the relatively low protein kinase concentration used in the 
screen, only high affinity substrates are phosphorylated efficiently. 

AppUcation of phosphorylation screening to protein-tyrosine kinases 
may be bedevUed by the high background problem, because in general 
protem-tyrosme kinases are rather non-specific in vitro. The use of anti- 
phosphotyrosine antibodies to screen the phosphorylated \gtll cDNA 
expression hbrary, selecting only the strongest signals, has proved to be a 
successful way of identifying Src protein-tyrosine kinase substrates (7) An 
alternative solution would be to use an additional far-Western selection step 
utilizmg a phosphotyrosine-binding domain. For example, plaque filters are 
first mcubated with a protein-tyrosine kinase in the presence of unlabelled 
ATP. After washing, the filters are next incubated with an epitope-tagged or 
radiolabelled protein containing a particular SH2 or PTB (phosphotyrosine- 
binding) domam to allow them to bind, and then positive plaques are visual- 
ized by immunodetection or autoradiography. This protocol can be a 
substrate screen based not only on the phosphorylating specificity of the 
protem kmase, but also on the binding specificity of the phosphotyrosine- 
binding modules used. In fact, Kavanaugh and co-workers showed that a 
screen of a Xgtll cDNA library with solid-phase phosphorylation by platelet- 
denved growth factor receptor tyrosine kinase, followed by binding of >32p. 
labeUed She PTB domain, resulted in cloning of a c-ErbB2 (Neu) cDNA 
which contained tyrosine phosphorylation-dependent PTB^binding sites (25)' 
Similar ^double selection strategies' utilizing phosphorylation-dependent 
protein-protem mteractions might be appHcable to some protein-serine/ 
threonme kinases, in combination with a protein module probe such as 14^^3- 
3 protems (26), Pin 1 (27, 28), and the MPM-2 monoclonal antibody. (29) 
■ each of which is shown to specifically interact with a phosphoamino acid- 
contaimng peptide motif . . , . l..- , 

We expect that the phosphorylation screening technique will be appUcable 
with^ further refinement, to other protein kinases including protein-^tyrosine' 
kinases and receptor-type protein kinases. - = 
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